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  Preface: Building on a History  of Dual Careers 
in the Sciences   

 Aquatic microbial ecology and the processes of biogeochemistry are coupled and 
synergistic. The aim of this book is to highlight some perspectives, insights, and 
data in the coupled fi elds of aquatic microbial ecology and biogeochemistry when 
viewed through the lens of collaborative duos—dual career couples. Their synergy 
and collaborative interactions have contributed substantially to our contemporary 
understanding of pattern, process, and dynamics. This is thus a book  by  dual career 
couples, not  about  them. 

 A great deal has been written about dual career couples—the challenges they 
face in job searches, spousal hiring negotiations as well as the daily challenges and 
rewards of working in like-minded professions, often in shared offi ces or work 
environments (e.g., Ferber and Loeb 1997). Little has been written to highlight the 
important contributions many dual career couples have made to contemporary 
aquatic sciences. This book aims to do just that. 

 Science has long attracted bright minds, and bright minds often think alike. Most 
notable are the spousal collaborations of the Curies and the Einsteins, but, in fact, 
there is a long history of creative couples working together—especially in fi elds 
such as ecology and plant sciences. As noted by Slack (1996), “Collaborative mar-
riages were common in botany even in the fi rst half of the nineteenth century in 
England. However, many of these partnerships were highly imbalanced, as was the 
case, for example, of the collaborative marriage of Elizabeth G. Knight and 
Nathaniel Lord Britton. He, a professor of Botany at Columbia by 1891, and she a 
Hunter College graduate. Their collaboration was one in which he had the sole paid 
position, and she conducted her research unpaid. Nevertheless, she went on to pub-
lish over 300 articles and reviews, edited several journals and even supervised at 
least one graduate student” (Slack 1996). Theirs was a “personal and botanical part-
nership.” While their partnership was scientifi cally fulfi lling, it highlights the frus-
trations of antinepotism regulations, sexism, and bias that have pervaded academia 
for decades. The Comstocks of Cornell, Anna Botsford Comstock and John Henry 
Comstock, had a similar professional and personal partnership, with Anna only 
embarking on a teaching career late in life, having been the “power behind the 
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throne” for decades. Because Cornell, where she had been an instructor of 
 nature- study, did not permit full professorships for women except in the Department 
of Home Economics (Henson 1996), only 2 years before her retirement, in 1922, 
was she fi nally advanced to full professor. 

 These vignettes are interesting reading, and the collection of essays edited by 
Pycior et al. (1996) describes many more, but many of the experiences are not so 
dissimilar from experiences today, where many dual career couples have to make do 
in order to advance their collective personal and professional careers. Fortunately, 
pathways for dual career couples are improving, with many institutions recognizing 
that spousal collaborative teams often bring a unique and special strength to a col-
laboration. Whether they work closely on a daily basis, or whether they share only 
a similar passion for their work but maintain distinct disciplines, couples share “in 
the joys and the sorrows of their life-companions, but they also have a part in their 
thoughts, their studies, their labors, their achievements” (Mozens 1913, cited in 
Pycior et al. 1996). This book hopes to celebrate those thoughts, studies, labors, and 
achievements. 

 In the fi eld of aquatic microbial ecology, as is most likely the case in all sciences, 
dual career couples are more and more common. As recently reported in an article 
in  Nature  highlighting dual career couples, and based on a National Science 
Foundation survey, over 25 % of “married people with doctorates had a spouse 
working in science or engineering” (Smith 2014). The goal of this book was to 
assemble a series of chapters written by dual career couples—and only by them. 
The couples selected were invited because we aimed to represent established scien-
tists as well as up-and-coming scientists, those working in both marine and freshwa-
ter, across a spectrum of topics, and who represented a diverse geographic area. The 
end result is the nearly two dozen papers herein, representing contributions from 
across the globe, from USA to Australia and Europe (France, Germany), and the UK 
(Wales). More than that, several of the couples originally hail from outside the USA, 
including Africa, India and Israel. In fact, based on the couples we knew and came 
to know during this process, we could have fi lled three volumes rather than just one. 

 The chapters presented here represent a wide-ranging collection of topics. This is 
not a structured book, wherein a set suite of topics was outlined and authors chosen 
to each write their piece of the assignment. Rather, this collection of chapters fl owed 
organically. The fi rst set of chapters begins to unravel microbial diversity, from a 
discussion of the history of ideas of the microbial web (Sherr and Sherr) to an over-
view of the drivers of biodiversity (Rynearson and Menden-Deuer) and selective 
pressures of phytoplankton shape (Karp Boss and Boss), followed by a phylogenetic 
analysis of bacteria across the freshwater–saltwater continuum (Bižić- Ionescu and 
Ionescu), and an analysis of the challenges linking biogeochemical models with 
‘omics data (Coles and Hood). These chapters are followed by two chapters that 
address the history of ideas related to stoichiometry (Kilham and Kilham) and their 
implications related to plankton predation (Mitra and Flynn). Understanding the 
mysteries of light and nitrogen and their regulation is the topic of the next set of 
chapters. This part begins with a perspective on the dynamics of saturation responses 
(Kana and Glibert) and moves to the metabolism of nitrogen in terms of nitrate 
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reductase (Young and Berges), and ammonium as a paradoxical nutrient (Wilkerson 
and Dugdale), and the mysteries of nitrogen fi xation (Marino and Howarth), and an 
analysis of the global distribution of subsurface chlorophyll maximum layers (Silsbe 
and Malkin). The chapters then transition to a series of analyses in which the dynam-
ics of changing ecosystems is the focus, generally using longer-term records or 
observations, including the Arabian Sea (Goes and Gomes), the Arctic Ocean 
(Grebmeier and Cooper), the coastal North Sea (Wiltershire and Boersma), and 
Pensacola Bay (Caffrey and Murrell), to the even fresher waters of the Seine River 
(Garnier and Billen) and Maine’s Mount Desert Island lakes (Roesler and 
Culbertson). Finally, the last suite of chapters highlights unique systems, processes, 
and dynamics, from the Sargasso Sea (Pinckney and Richardson) to Australia’s Gulf 
of Carpentaria (Rothlisberg and Burford), the Chesapeake Bay (Sellner and Sellner), 
and the freshwater hydrothermal vents of the Yellowstone National Park (Aguilar 
and Cuhel). In all, these chapters take us from the Arctic to Africa, from the Arabian 
Sea to Australia, from small lakes and Yellowstone hot vents to the Sargasso Sea, 
and in the process provide analyses that make us think about the structure and func-
tion of all of these systems in the aquatic realm. 

 While the chapters speak for themselves, each chapter is told with a little bit of 
backstory—a small snapshot into the lives of the couple, who they are, how they 
met, their children (they are couples, after all), or what else they may enjoy outside 
of science. It is something special to learn about friendships turned more serious on 
station, underwater marriage proposals, and at-sea weddings on oceanographic 
ships. Aquatic science is in the veins of the couples whose work is presented here. 
The more traditional bios of the authors can be found elsewhere; we are interested 
to peek into the human dimension of these great teams. This is a book about dual 
perspectives, and a snapshot into work–life balance helps to put it all in 
“perspective.” 

 Our hope is that this book is useful not only for the depth and breadth of knowl-
edge that is conveyed in the chapters, but that this book also serves to be useful for 
future dual career couples faced with the challenges only dual career couples face. 
Great teams do make great science. Of the couples highlighted here, 78 % have 
positions at the same institution. Another interesting statistic here is that 75 % of the 
chapters herein were fi rst-authored by the distaff side; this just shows who really 
does the work in these collaborations! This book should give new meaning to the 
concept of coupled biogeochemical cycles. 

 We wish to thank our authors for their contributions; we thank all those who 
wanted to contribute but could not for varying reasons. We thank our editor, Janet 
Slobodien at Springer, for welcoming this book into the portfolio of Springer 
science books. Finally, we thank Kate, Zander and Coe, Austin and Hannah, and 
Patrick and Emily for fi lling the nonscientifi c parts of our lives with joy—and for 
allowing just a little bit of the science in their blood to shine through.

  Cambridge, MD, USA     Patricia     M.     Glibert    
      Todd     M.     Kana     
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      Phagotrophic Protists: Central Roles 
in Microbial Food Webs                     

     Evelyn     B.     Sherr      and     Barry     F.     Sherr   

          Overview 

 Protists, single-celled eukaryotes, the vast majority of which are between about 2 
and 200 μm in size, are ubiquitous in marine and freshwater ecosystems. Initial 
grouping of microbial eukaryotes into phototrophs (algae), and heterotrophs (proto-
zoa), has morphed into categorization of protists based on molecular genetic lineage 
trees (Caron et al.  2012 ). Many non-pigmented fl agellates are closely related to 
photosynthetic species, photosynthetic fl agellates have been demonstrated to ingest 
bacteria or other prey (Zubkov and Tarran  2008 ), and acquisition of functional chlo-
roplasts from ingested algae is common among ciliates and dinofl agellates (Flynn 
et al.  2012 ; Stoecker et al.  2009 ). Commonly studied aquatic protists are algae in the 
phytoplankton, non-pigmented, phagotrophic fl agellates in the nanoplankton 
(2–20 μm) size class, and phagotrophic protists (microzooplankton), mainly ciliates 
and non-pigmented dinofl agellates, in the microplankton (20–200 μm) size class 
(Sieburth et al.  1978 ). Microzooplankton have been shown to be signifi cant con-
sumers of photosynthetic microbes in the sea (Calbet and Landry  2004 ). Our own 
research has focused primarily on phagotrophic nanofl agellates and microzooplank-
ton (examples shown in Fig.  1 ). Here we review method development and research 
fi ndings that underpin the current understanding of the roles of protists in aquatic 
food webs, highlighting our own work in this fi eld. Discovering the importance of 
phagotrophic protists in planktonic food webs was a crucial part of the history of 
marine microbial ecology (Sherr and Sherr  2008 ).

        E.  B.   Sherr    (*) •    B.  F.   Sherr    
  College of Earth, Atmospheric and Ocean Sciences ,  Oregon State University , 
  Corvallis ,  OR ,  USA   
 e-mail: sherre@coas.oregonstate.edu  
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       Protists as Elemental Recyclers 

 The reviews of Pomeroy ( 1974 ), Azam et al ( 1983 ), and Ducklow ( 1983 ) advanced 
the idea that in the sea (and by implication in freshwaters as well) bacteria and their 
protist grazers were responsible for the bulk of ecosystem respiration and thus recy-
cling of organic matter. Investigations of respiration and nutrient regeneration in 
marine habitats demonstrated that a multistep microbial food web was necessary for 
complete remineralization of nitrogen and phosphorus from the organic compounds 
in bacterial biomass. 

 While rates of respiration could, with caveats, be determined in seawater sam-
ples by measuring the rates of decrease of dissolved oxygen, rates of nutrient release 
in such experiments were too low to be accurately quantifi ed using standard chemi-
cal analyses. Phosphate regeneration could be sensitively assessed by short-term 
release of radioactive P into the dissolved fraction from organic matter produced by 
bacteria and phytoplankton grown with added 32P. However, the longest-lived radio-
active form of nitrogen, 13N, with a half-life of about 10 min, could not be easily 
used to evaluate rates of nitrogen remineralization. 

  Fig. 1    Examples of protists observed in various marine systems during our career: ( a ) Parasitoid 
fl agellates (4–6 μm) feeding on cells of a pennate diatom chain in the Bering Sea; ( b ) small spiro-
trichous ciliate (20 × 25 μm) in the plankton of the Bering Sea; ( c ) large mixotrophic ciliate, 
 Laboea spiralis  (50 × 110 μm) in the plankton of the Bering Sea; ( d ) non-thecate heterotrophic 
dinofl agellate,  Gyrodinium  sp. (60 × 90 μm), cell shape greatly distorted with an ingested pennate 
diatom cell, in the plankton of the coastal Oregon upwelling system; ( e ) thecate dinofl agellate, 
 Protoperidinium  sp. (50 × 60 μm) feeding extracellularly on a centric diatom chain with an 
extruded pseudopodial pallium in the plankton of the Bering Sea       
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 Harrison ( 1978 ) and Glibert et al. ( 1982 ) pioneered the 15N isotope dilution tech-
nique, in which 15N labeled ammonium was added to aliquots of seawater. Seawater 
samples were either whole (unfi ltered) or size fractioned by passing water through 
mesh netting or fi lters of progressively smaller pore size. Experimental seawater 
treatments with added 15N ammonium were incubated under in situ conditions of 
light and temperature for 12–24 h. During that time, a portion of the added 15N 
ammonium would be incorporated into phytoplankton and bacterial biomass, while 
the unenriched nitrogen present in organic matter would be remineralized into the 
pool of ammonium in the seawater. Quantitative extraction of ammonium from 
experimental water samples at initial and fi nal times of incubation, followed by 
measurement of the 15N:14N isotope ratios of the extracted ammonium, allowed esti-
mation of the extent to which the time zero 15N ammonium was diluted with unen-
riched recycled ammonium. Harrison’s initial results documented that organisms 
less than 35 μm in size, including bacteria and heterotrophic protists, were respon-
sible for about 90 % of the rate of ammonium regeneration in the coastal systems 
that he studied. This clever, although challenging, approach was used by investiga-
tors to establish the impact of bacteria and their grazers in nutrient recycling in other 
aquatic systems (Glibert et al.  1992 ). Additional investigations focused on the 
amount of regeneration of nutrients by protists feeding on bacterial and phytoplank-
ton prey with a range of C:N and C:P ratios (Caron and Goldman  1988 ). 

 Our own contribution to protist regeneration of N and P nutrients occurred at the 
beginning of our work as a team, during our collaboration with Tom Berman on 
microbial activity in Lake Kinneret, Israel from 1979 to 1981. Research on heterotro-
phic protists, especially bacterivorous fl agellates, was cutting edge at that time, stim-
ulated by the work on signifi cance of protists in nutrient regeneration and by studies 
of Tom Fenchel on bacterivorous fl agellates in Danish coastal waters (Fenchel  1982 ). 
Berman introduced us to another Israeli ecologist, Utsa Pollinger, who told us that 
during the decline phase of an annual dinofl agellate bloom in the lake, there was a 
secondary burst of tiny non-pigmented fl agellates. She wondered what caused these 
heterotrophic fl agellates to grow up. We experimented with lake water containing 
both bacteria and fl agellates to which we added dried dinofl agellates collected from 
a previous year’s bloom. The dinofl agellate armor plating, the theca, was composed 
of sugary carbohydrate that the lake bacteria readily used as a substrate. Bacterivorous 
fl agellates then grew up, consuming the bacteria and releasing ammonium and phos-
phate into the water that the bacteria could use for further growth (Sherr et al.  1982 ). 
We also evaluated ammonium excretion rates by a heterotrophic fl agellate isolated 
from lake water fed different species of bacteria (Sherr et al.  1983 ). 

 Later, while at Oregon State University, we supervised the M.S. thesis research of 
Marcelino Suzuki in which he used a 15N tracer approach to sensitively measure the 
rate of regeneration of ammonium by grazing of marine fl agellates on 15N labeled 
bacteria (Suzuki et al.  1996 ). Suzuki’s results corroborated the earlier fi ndings based 
on the 15N isotope dilution method; in his study nitrogen regeneration effi ciencies 
from bacterial-N were 30–35 % for a one-step trophic link  (bacterivorous fl agellates), 
60 % for 5 μm fi ltered seawater (bacterivorous fl agellates plus small fl agellate preda-
tors), and 90 % for unfi ltered seawater with an intact microbial food web. 

Phagotrophic Protists: Central Roles in Microbial Food Webs
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 Phagotrophic nanofl agellates that can participate in nutrient recycling also 
include parasitoid fl agellates that either internally infect host cells (Guillou et al. 
 2008 ; Siano et al.  2011 ) or feed externally on diatoms (Fig.  1a ) (Tillmann et al. 
 1999 ; Sherr et al.  2013 ).  

    Protists as Consumers of Bacteria 

 The discovery in the 1980s of the true abundance of heterotrophic bacteria in marine 
and freshwaters by using fl uorescent dyes to visualize bacteria with epifl uorescence 
microscopy, coupled with measurement of rates of bacterial biomass production via 
incorporation of radiolabeled thymidine and leucine (Sherr and Sherr  2008 ), turned 
attention to the processes controlling bacteria growth in aquatic systems. It was 
obvious that heterotrophic nanofl agellates were effective grazers of the small-sized 
bacterial cells present in seawater (Sieburth  1981 , Fenchel  1982 ; Andersen and 
Fenchel  1985 ). However, approaches were needed both to accurately enumerate the 
in situ abundances of heterotrophic fl agellates, and to determine their rates of bacte-
rial consumption. Fluorescent dyes, notably acridine orange (AO) and DAPI, 
already used to enumerate aquatic bacterioplankton, were applied to determining 
abundance of non-pigmented fl agellates (Sherr et al.  1993 ). UV-excited, blue fl uo-
rescing DAPI was judged to be superior to blue light-excited, green fl uorescing dyes 
such as AO, as blue-fl uorescing cells made it easier to distinguish heterotrophic 
fl agellates from chloroplast-bearing phytofl agellates. 

 Development of standard methods to quantify rates of fl agellate bacterivory in 
aquatic systems proved more diffi cult. A variety of approaches were tried, including 
comparative growth of bacteria in whole water and in water fi ltered to remove most 
bacterivores, dilution of whole water with particle free water to decrease abundance 
of bacterivores, ingestion of radiolabeled bacteria, and use of inhibitors of eukary-
otic cell growth to eliminate, or at least decrease, protist grazing on bacteria 
(reviewed in Strom  2000 ). All of these methods had serious artifactual problems 
and/or were too time-consuming for routine measurements. 

 Visualizing direct ingestion of added fl uorescent particles by heterotrophic fl ag-
ellates was among the methods proposed. Initial efforts used plastic, bacterial-sized 
beads, with or without pre-treatment with an organic compound such as bovine 
serum albumin to minimize bead clumping and to make the beads more palatable to 
fl agellates (Sherr and Sherr  1993 ; Strom  2000 ). Concern remained that the plastic 
beads were not adequate analogs for in situ bacterioplankton, and subsequent stud-
ies showed that some protist species did show selective preference for ingestion of 
bacterial cells compared to bacterial-sized beads. 

 With help from colleagues, including our Israeli mentor Tom Berman, we devel-
oped a method to concentrate and then stain estuarine bacteria with the green 
 fl uorescing dye DTAF (Sherr et al.  1987 ). Known abundances of fl uorescently labeled 
bacteria (FLB) were added to subsamples of coastal water. Flagellates in the samples 
fed on bacteria, including FLB, and after a short incubation time (15–60 min) ali-
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quots of the incubated water were preserved and processed for microscopy. By 
switching epifl uorescence fi lter sets between UV light for DAPI-stained protists, and 
blue light for DTAF-stained FLB, ingested FLB could be visualized inside the fl agel-
lates. After determining the average number of FLB per fl agellate, and the abun-
dances of fl agellates, FLB, and total bacteria in the sample, an estimate of the rate of 
clearance of bacteria by fl agellates could be made. This approach proved to be fairly 
robust, and was subsequently applied in other aquatic systems. The main consumers 
of bacterioplankton proved to be fl agellates less than 5 μm in size (Sherr and Sherr 
 1991 ). Results of FLB ingestion and other methods of estimating rates of protist bac-
terivory demonstrated that this source of mortality could crop a large fraction of bac-
terial production in both oligotrophic as well as coastal and estuarine waters (Strom 
 2000 ). Selective ingestion by fl agellates of larger-sized and metabolically active bac-
teria was also documented (Sherr et al.  1992 ; Gonzalez et al.  1993 ; Strom  2000 ). 

 In our bacterivory experiments, we discovered that ciliates in coastal water also 
ingested FLB (Sherr and Sherr  1987 ; Sherr et al.  1989 ). Marine ciliates in the plank-
ton were thought to feed on algal cells, not bacteria. But most of the bacteria- 
ingesting ciliates were tiny, some only 10–12 μm in diameter (Sherr et al.  1986a ). 
In a review of our 1986 manuscript, Tom Fenchel stated that the existence of a 
10 μm-sized ciliate was as incredible as that of a 1 cm-sized mammal. We rebutted 
that a newborn pigmy shrew was about 1 cm long; our paper was published.  

    Protists as Consumers of Phytoplankton 

 The role of aquatic protists in marine food webs as herbivores, consumers of photo-
synthetic cells, is quantitatively more signifi cant than is protistan bacterivory. This 
fact is a consequence of the greater biomass of photosynthetic bacteria and algae 
compared to the biomass of heterotrophic bacteria in both coastal and open ocean 
systems, and of the capacity of protists, from nanofl agellates to microzooplankton, 
to consume a wide range of sizes of photosynthetic cells (Sherr and Sherr  1992 , 
 1994 ,  2002 ,  2007 ,  2009 ). 

 Landry and Hassett ( 1982 ) developed the dilution assay to evaluate grazing 
impact of microzooplankton on phytoplankton. In this approach, whole water sam-
ples are diluted with freshly prepared particle free water to yield subsamples that 
range from 100 % whole water to 5 % or 10 % whole water, in order to proportion-
ally reduce protist grazing on individual phytoplankton cells. Nutrients are added to 
ensure equivalent cell-specifi c phytoplankton growth across the dilution series, and 
initial chlorophyll concentration is determined. After a 24 h incubation under in situ 
conditions of light and temperature, each experimental dilution is sampled for fi nal 
chlorophyll concentration, and phytoplankton growth rates are calculated based on 
change in chlorophyll from initial to fi nal time in each treatment. Typically, there is 
a linear decrease of phytoplankton growth rate with amount of whole water in the 
samples. A plot of growth rate versus proportional amount of whole water yields a 
regression in which the  y -axis intercept estimates phytoplankton growth rate in the 
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absence of grazing (i.e. at infi nite dilution), and the negative slope is the microzoo-
plankton grazing rate. Although various concerns about the method have been 
raised, and dilution experiments are time-consuming to perform, the dilution assay 
has been adopted as the standard approach to evaluating protistan herbivory in the 
sea. The results have demonstrated that microzooplankton herbivory is a major 
source of phytoplankton mortality in all marine regions (Sherr and Sherr  2002 ; 
Calbet and Landry  2004 ; Sherr et al.  2009 ,  2013 ).  

    Protists in High Latitude Food Webs 

 In 1990, the year that we moved to Oregon State University, there was still surpris-
ingly little research on microbial plankton in the Arctic Ocean, an important and 
climate-sensitive region of the earth. That was about to change, and we were fortu-
nate to get onboard with developing arctic research programs. 

 Together with a fellow OSU oceanographer, Pat Wheeler, we were funded to 
participate in the Arctic Ocean Section (AOS). Two icebreakers, the U.S. Coast 
Guard’s Polar Sea and the Canadian Coast Guard’s Louis S. St. Laurent, carried an 
international group of marine scientists to the North Pole, the fi rst time that North 
American surface ships had reached the Pole. Our part involved assessment of the 
abundances of microbial eukaryotes, both photosynthetic and heterotrophic, in the 
central Arctic Ocean (Sherr et al.  1997 ). In 1997–1998, again in collaboration with 
Wheeler, we participated in another multi-national expedition, the Surface Heat 
Budget of the Arctic Ocean (SHEBA), in which we were able to follow the seasonal 
cycle of abundances and activity of marine microbes in the central Arctic Ocean 
from a Canadian icebreaker, Des Groseilliers, that drifted with the ice pack for a full 
year (Sherr and Sherr  2003 ; Sherr et al.  2003 ). Results from both projects demon-
strated that there is a diverse and active microbial food web in the Arctic Ocean, 
with heterotrophic fl agellates feeding on both bacteria and small algae. 

 In subsequent high latitude projects, we shifted our focus to microzooplankton, 
both as herbivores and as a food resource for copepods and krill. We had long con-
sidered this latter trophic link to be a fundamental part of aquatic food webs (Sherr 
et al.  1986b ; Sherr and Sherr  1988 ). We collaborated with zooplankton ecologists: 
Carin Ashjian at the Woods Hole Oceanographic Institution and Robert Campbell 
at the Graduate School of Oceanography at the University of Rhode Island, as part 
of the Shelf-Basin Interactions (SBI) project in the western Arctic Ocean. During 
cruises on the new U.S. Coast Guard icebreaker Healy in spring and summer of 
2002 and 2004, our team carried out dilution assays and mesozooplankton grazing 
assays using on-deck incubators. Sea ice was extensive over the shelf regions dur-
ing the summer of 2002, but had melted back to the central Arctic in 2004, 
 providing a good contrast in system conditions. There was signifi cant microzoo-
plankton herbivory in both years (Sherr et al.  2009 ), and protists in the microzoo-
plankton were avidly consumed by zooplankton, especially smaller copepods 
(Campbell et al.  2009 ). 

E.B. Sherr and B.F. Sherr



9

 We worked with Ashjian and Campbell on similar research in the Bering Sea in 
2008–2010. The Bering Sea Ecosystem Study (BEST) was a multi-investigator pro-
gram in which fi sheries scientists and oceanographers collaborated in examining the 
impact of extent of spring sea ice on fi sh and marine mammal stocks in this impor-
tant region. About half of the total U.S. fi sh catch (including pollock, halibut and 
salmon as well as crabs) comes from the Bering Sea, due to the extraordinary dia-
tom blooms that start each spring at the edge of the sea ice pack, and then follow the 
ice as it retreats north. These diatom blooms initially support hordes of copepods 
and krill that are important food for fi sh, and then the diatoms sediment en masse to 
fuel the worms and clams that nourish crabs, bottom-feeding fi sh, gray whales, and 
walrus. The concern is that as climate change intensifi es, the winter extent of the ice 
pack will lessen, and sea ice will melt sooner in the spring, disrupting the intensity 
and timing of the spring diatom blooms on which Bering Sea fi sheries depend. 

 Even though we were supposed to evaluate the effects of diminished sea ice, dur-
ing the March–April cruises of 2008 and 2009 there was unusually extensive sea 
ice, with only early-stage diatom blooms. When the spring 2010 cruise was sched-
uled later in the season (May–June), we were able to sample intense open water 
diatom blooms. As for the fi ndings from our SBI project in the western Arctic 
Ocean, the BEST data underscored the importance of both diatoms and microzoo-
plankton to Bering Sea food webs. A clear result from both these projects was that 
large, non-pigmented dinofl agellates were important consumers of bloom-forming 
diatoms, both as single cells and chains (Sherr et al.  2009 ,  2013 ). Most investiga-
tions of microzooplankton as food for zooplankton had considered ciliates (e.g. 
Fig.  1b, c ) as the major group of herbivorous protists. We found that in the western 
Arctic Ocean, in the Bering Sea, and also in upwelling diatom blooms in Oregon 
coastal waters, herbivorous dinofl agellates (e.g. Fig.  1d, e ) often composed 50 % or 
more of microzooplankton biomass, and were major grazers of diatoms in the sea 
(Sherr and Sherr  2007 ; Sherr et al.  2013 ).  

    Looking to the Future 

 Research on the quantitative impact of phagotrophic protists on recycling and tro-
phic transfers in aquatic ecosystems has expanded to include assessment of the 
genetic diversity of heterotrophic protists (Caron et al.  2012 ), investigation of 
chemical cues that affect prey ingestion (Roberts et al.  2011 ), and study of the bio-
chemistry of prey detection in phagotrophic protists (Hartz et al.  2008 ,  2011 ). 
Results of molecular genetic studies suggest that the taxonomic diversity of both 
autotrophic and heterotrophic protists in marine systems is extraordinary. One inter-
esting fi nding is the ubiquitous presence in the sea of protists related to a group of 
dinofl agellates, the Syndiniales, that parasitize other protists (Guillou et al.  2008 ; 
Siano et al.  2011 ). Protist parasitism is an alternate mode of predator–prey interac-
tion that is ripe for further study; we noted parasitoid fl agellates infecting diatoms 
in the Bering Sea (Sherr et al.  2013 ; Fig.  1a ). 

Phagotrophic Protists: Central Roles in Microbial Food Webs
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 Investigation of environmental cues that affect prey detection or avoidance is 
another new and exciting research fi eld (Roberts et al.  2011 ). The initial discovery 
that the metabolite dimethyl sulfi de (DMS) could be released by haptophyte algae 
as a defense against protist predation was made by Gordon Wolfe (Wolfe et al. 
 1994 ,  1997 ), a post-doctoral colleague working in our laboratory at OSU. Our grad-
uate student, Aaron Hartz (Hartz et al.  2008 ), subsequently demonstrated that inhi-
bition of intracellular signal transduction pathways decreased chemosensory 
response to prey in a marine dinofl agellate and ciliate. He also found that the non-
pigmented marine dinofl agellate,  Oxyrrhis marina , expressed rhodopsin and could 
orient to various wavelengths of light. We speculated that both chemical and light 
signals could be used by protists to fi nd prey in situ (Hartz et al.  2011 ).    

     Evelyn B. Sherr and Barry F. Sherr 

 We bonded over sewage sludge. In 1975–1977, Ev, a new research scientist at the 
University of Georgia Marine Institute on Sapelo Island, and Barry, a graduate stu-
dent at the University of Georgia, collaborated on a project to evaluate whether salt 
marsh microbes could break down organic wastes and remove nitrogen via denitri-
fi cation from secondarily treated sewage sludge applied to a cordgrass marsh. We 
asked Larry Pomeroy, who was directing a major project in the salt marshes around 
Sapelo, if we could borrow his research van to deliver sludge from the Athens, GA, 
waste treatment plant to the island. We may not have been entirely clear about what 
we were going to transport. After loading up the sludge in trash barrels, we drove to 
the coast in time for the afternoon ferry to the island. It was a warm day, and with 
windows open we didn’t notice the winged creatures emerging from the barrels. But 
when we got to the coast and opened the van, a cloud of sludge fl ies exploded from 
the interior. We tried to shoo out as many fl ies as we could, without great success. 
Pomeroy later had the van fumigated. We were married in 1979, after Barry fi nished 
his Ph.D., and went to Israel for a year and a half research “honeymoon.” We 
returned to work at the UGMI until 1990 when we relocated to Oregon State 
University with our two young sons. Projects in the Arctic and in the upwelling 
system off the Oregon coast occupied us until our retirement in 2012.   
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      Drivers That Structure Biodiversity 
in the Plankton                     

     Tatiana     A.     Rynearson      and     Susanne     Menden-Deuer    

          Plankton Biodiversity 

 Plankton (Fig.  1 ) made Earth habitable by initially oxygenating the atmosphere 
some 2–3 billion years ago (Canfi eld  2005 ; Crowe et al.  2013 ). Currently, plankton 
generate as much oxygen and organic matter as all terrestrial plants combined (Field 
et al.  1998 ), fueling fi sheries production, driving gas exchange between the atmo-
sphere and oceans, and serving as key agents in global climate cycles (Falkowski 
et al.  2008 ). Plankton are the base of the marine food web and thus support virtually 
all protein derived from the ocean. These microbes represent sentinels of climate 
change and may harbor solutions to providing renewable energy sources.

   A quantitative understanding of the abundance, distribution, and diversity of 
plankton is essential for estimating their biogeochemical impact, particularly under 
a changing environment. Yet none of these basic metrics are well known. Even the 
number of extant planktonic species is unknown, although current estimates yield 
staggering numbers. A recent global survey of eukaryotic plankton species esti-
mated 150,000 extant species (de Vargas et al.  2015 ) and it has been estimated that 
the number of prokaryotic species reaches into the millions (Ward  2002 ). The “par-
adox of the plankton,” coined by Hutchinson ( 1961 ), describes the conundrum that 
the observed high biodiversity of planktonic organisms is not reconcilable with the 
competitive exclusion principle (i.e. winner takes all) (Hardin  1960 ). The basic 
argument has been that the surface ocean is a well-mixed, homogeneous environ-
ment that only permits the strongest competitor for a specifi c resource to persist, 
ultimately leading to only few coexisting species and a low level of biodiversity in 
the plankton. Thus, the paradox lies in the fact that many planktonic species coexist 
where few should remain.  
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    Alternate Hypotheses That Explain the Paradox 
of the Plankton 

 Naturally, the paradox has found numerous explanations over time, including the 
role of resource competition (Tilman  1994 ), emergence of chaotic oscillations in 
species abundances (Huisman and Weissing  1999 ), chaotic fl uid motion (Károlyi 
et al.  2000 ), spatial structure and localized competition (Levin  1992 ; Kerr et al. 
 2002 ), competition and predation as structuring factors (Record et al.  2013 ; Cropp 
and Norbury  2012 ) as well as large-scale spatial factors such as latitudinal and sea-
sonal gradients (Barton et al.  2010 ). Gause ( 1934 ) made early observations of the 
competitive exclusion principle, suggesting that as long as environmental condi-
tions were variable, then biodiversity could be enhanced, e.g. by offering a spatial 
refuge in his predator–prey experiments through the addition of a sediment base in 
his test tube cultures. Most likely, all these factors contribute to some degree to the 
overall high biodiversity in the plankton. 

 Most studies that have aimed to explain the paradox of the plankton rely on some 
external, environmental factor that provides a disturbance to the assumed homoge-
neous environment. Consequently, the disturbance (e.g. fl uid mixing or selective 
predation) results in enhancement of biodiversity by providing an opportunity for 
hanger-on species to emerge. And indeed spatial heterogeneity and temporal distur-
bances are easy to invoke as key drivers of biodiversity. Unlike the assumption of 
homogeneity, the ocean is a complex and heterogeneous environment, characterized 
by steep gradients in physical, chemical, and biological properties over a continuum 
from microscopic to global scales. An organism’s location relative to these gradi-
ents is critical for its survival. For example, because light decays exponentially with 

  Fig. 1    Plankton make life on Earth habitable. They are genetically, morphologically, physiologi-
cally, and behaviorally diverse and stunningly beautiful. Illustration by Dean Jacobson, by permis-
sion of the artist       
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depth, light-dependent photosynthetic organisms can be exposed to vastly different 
solar irradiances, depending on their depth in the water column, from high irradi-
ance that can be harmful to insuffi cient amounts that prohibit survival. In fact, envi-
ronmental heterogeneity is thought to be an important factor structuring planktonic 
communities (Levin  1976 ,  1992 ). However, are external drivers the sole factors that 
can be invoked to maintain planktonic biodiversity? Are there inherent characteris-
tics of the organisms themselves that lead to the maintenance of multiple species in 
the water column? 

 One explanation of the paradox of the plankton that is based on inherent, species- 
specifi c characteristics rather than external, environmental factors draws on the 
resource competition theory developed by Tilman ( 1994 ). This theory was applied 
by Huisman and Weissing ( 1999 ) who showed that in model simulations, non- 
equilibrium conditions permitted coexistence of more species than the number of 
limiting resources in those conditions. The validity of these model predictions has 
subsequently been demonstrated through long-term observations of laboratory cul-
tures of mixed plankton species that included a multi-trophic food web and was void 
of external disturbances (Benincà et al  2008 ). The work by Huisman and Weissing 
( 1999 ) and Benincà et al ( 2008 ) clearly demonstrate that coexistence of multiple 
plankton species is possible in the absence of external disturbances. One limitation 
of both model and empirical evidence is that the number of species supported is still 
vastly smaller than the high levels of species diversity observed in the ocean (Ward 
 2002 ; de Vargas et al.  2015 ).  

    An Organismal Perspective on the Paradox of the Plankton: 
A Biodiversity Explosion from Within? 

 A crucial element that is missing from explanations of the paradox of the plankton 
is a focus on individual organisms. This element takes into account the fact that 
organisms compete and are selected upon as individuals, not as species. In addition 
to the immense biodiversity of plankton, the vast time and space scales of ocean 
ecology require an integrative view, and necessitate assessing the outcomes of eco-
logical interactions—resource uptake, predation, and reproduction—at the popula-
tion level. However, virtually all processes that affect the abundance, distribution, or 
production rates of a species occur at the individual level, including feeding, motil-
ity, resource uptake, reproduction, and mortality. 

 Shifting the level of investigation from that of a species to that of an individual 
brings opportunities and challenges. Putting the individual at the center shifts the 
time and space scales over which ecological interactions affect the survival of the 
species and refocuses them on the level of cellular interactions with the abiotic and 
biotic environment (Fig.  2 ). In this individual-centric perspective, cellular interac-
tions that occur on time scales of seconds to hours and over spatial scales of microns 
to centimeters become the drivers of the ecosystem functions ultimately of interest, 
such as abundance, distribution, and production. Predicting biological function 
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within a system that changes on scales from micrometers and seconds to kilometers 
and years defi es available approaches. While it is intellectually and analytically 
challenging to link a myriad of micro-scale processes to their large-scale ramifi ca-
tions, taking such a scale-integrative approach would also provide the opportunity 
to identify the underlying mechanisms driving processes (e.g. Kiørboe  2008 ) and 
ultimately provide a predictive understanding across spatio-temporal scales.

       Linking Individual Level Behaviors with Plankton Ecology 

 To incorporate the importance of cell–cell interactions into both plankton ecology 
and investigations of the mechanisms underlying the high biodiversity of planktonic 
species, we recently developed a mathematical theory that suggests a unifying expla-
nation and the causal mechanism for the staggering species diversity of plankton 
(Menden-Deuer and Rowlett  2014 ). This approach was motivated by laboratory and 
fi eld observations of high, inherent, intra-specifi c variability in the genetics, physiol-
ogy, and behaviors of plankton. To examine the importance of these observed charac-
teristics, we created a new theoretical model and tested this model with high- resolution 
simulations across a robust parameter space. The results showed both theoretically, in 
the form of a mathematical theorem, and numerically, in the form of competition 
simulations across a robust parameter space, that (1) incorporation of individual vari-
ability supports arbitrarily high biodiversity among plankton, (2) elimination of 
behavioral or physiological heterogeneity produces results consistent with the com-
petitive exclusion principle, and that (3) spatial structure can delay extinction of 

  Fig. 2    Modifi ed version of a Stommel diagram, showing the linkages of biological processes in 
the ocean over ecologically relevant time and space scales. Overlain is the degree of associated 
variability. It is noteworthy that large-scale processes emerge from underlying, often poorly char-
acterized smaller-scale processes. Integrating small-scale processes to characterize biogeochemi-
cally important, large-scale events (e.g. the annual cycle of phytoplankton) constitutes a key 
challenge for oceanographers. Illustration by Josh Wood       
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species with invariant physiological or behavioral characteristics but extinction is 
inevitable. Using the modeling approach described in Menden-Deuer and Rowlett 
( 2014 ) we explored the importance of intra-specifi c variation, including in competi-
tion experiments with superior and inferior competitors. In agreement with the fi nd-
ings in Menden-Deuer and Rowlett ( 2014 ), our results consistently show that 
intra-specifi c variability is suffi cient to explain high species diversity in planktonic 
organisms, independent of specifi c external factors, providing a mechanistic under-
pinning for previously advanced explanations of the paradox of the plankton (Fig.  3 ).

       Pervasive Intra-specifi c Variability in the Genetic Diversity, 
Physiological Capacity, and Behavioral Repertoire 
of Plankton 

 If our theoretical considerations are correct, intra-specifi c variability is highly adap-
tive for plankton, and indeed variation is commonly observed in a range of physio-
logical, demographic, and morphological traits among and within phylogenetically 
distinct plankton species. Anywhere researchers have looked, they have found intra- 
specifi c variability, including in global, inter- and intra-specifi c patterns of tempera-
ture regulation (Thomas et al.  2012 ; Boyd et al  2013 ), responses to elevated pCO 2  
concentrations (Schaum et al.  2013 ), tolerance of environmental conditions (Brand 
 1984 ), elemental composition (Moal et al.  1987 ), and growth rates (Rynearson and 
Armbrust  2004 ). A comprehensive study of intra-specifi c variability in one phyto-
plankton species showed distinguishing characteristics among strains in terms of cell 
size, maximum growth and photosynthesis rates, tolerance of low salinities, resource 
use, and toxicity (Fredrickson et al.  2011 ). Linked empirical and theoretical analyses 
have shown that intra-specifi c variability in motility can enhance species dispersal, 
with downstream ramifi cation for organism distributions and ecological function 
(Menden-Deuer  2010 ). Molecular analyses have shown that physiological variability 
is associated with genetically distinct strains (Rynearson and Armbrust  2000 ,  2004 ). 
Blooms of the otherwise slow growing dinofl agellate species  Akashiwo sanguinea  
have been tracked by satellites over vast spatial (100 s of kms along the US West 
Coast) and temporal (months to years) scales (Du et al.  2011 ; White et al.  2014 ). 
Laboratory examination of multiple  A. sanguinea  strains revealed that a high degree 
of intra-specifi c variability in the temperature tolerance, movement behaviors, and 
growth rates of  A. sanguinea  appears to be an important factor in broadening the 
species’ niche, suggesting that intra-specifi c variability supports persistent blooms 
of this dinofl agellate species (Menden-Deuer and Montalbano  2015 ). 

 The ecological function of intra-specifi c variability had been determined only in 
very few cases, partly because intra-specifi c variability in the physiology and 
 behavior of planktonic organisms has, for the most part, only recently been recog-
nized and quantifi ed. Thus we suggest that pervasive intra-specifi c genetic, behav-
ioral, and physiological variability provides a fundamental organizing principle in 
the ecology of unicellular, self-replicating organisms. 
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  Fig. 3    Modeling approaches provide insights into the role of intra-specifi c variation in maintain-
ing inter-specifi c diversity in the plankton. Panel ( a ) shows three different probability distributions 
of competitive ability, each with an average competitive ability of 0.5 and, bottom right, two prob-
ability distributions representing unequal competitive abilities (average competitive abilities of 0.3 
(red) and 0.7 (green)). Panel ( b ) shows abundance over time of species representing the outcomes 
of a species competition model simulation (after Menden-Deuer and Rowlett  2014 ) including three 
competing species with on average identical but differently shaped probability distributions ( left 
fi gure ) and two competing species ( right fi gure ) with grossly different competitive abilities. Color 
of species abundance in panel ( b ) matches underlying probability distribution of competitive abili-
ties from panel ( a ). Incorporation of intra-specifi c variability permits persistent species coexis-
tence (panel ( b ),  left fi gure ), whereas competitive exclusion is accurately reproduced only when 
species are grossly different in their competitive ability (panel ( b ),  right fi gure ). Note rapid extinc-
tion indicated by difference in simulation durations in panel ( b )       
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 The mechanisms that maintain intra-specifi c variability are not well understood 
but may be related to the complexity of cellular morphology (Gray et al.  2010 ; 
Huisman et al.  2001 ). Moreover, specifi c traits and their variability are not easily 
eliminated within a microbial population (e.g. “the plankton cloud” sensu Smetacek 
 2012 ) due to the vast number of independent clones. Some species even retain pos-
sibly maladaptive traits, refl ecting ancient, rather than current environmental condi-
tions (Hutchins et al.  2013 ). Plasticity, or the ability for a single strain to vary its 
physiology, has been identifi ed as a key characteristic for adapting to changing or 
novel conditions, can be observed in the phytoplankton (e.g. Schaum et al.  2013 ), 
and is associated with elevated success in range expansion of invasive species (Lee 
et al.  2003 ).  

    Evolution: Generating and Structuring Diversity 
over the Long Term 

 Thus far, we have discussed the structuring function of intra-specifi c variability in 
 maintaining  planktonic species diversity. Here, we focus on the processes that  gen-
erate  diversity and how those factors play into the structure and function of plank-
tonic ecosystems. De novo mutation is the primary generator of diversity and has 
been observed in cultured phytoplankton (Collins and Bell  2004 ; Lakeman and 
Cattolico  2007 ; Collins  2011 ). There is growing evidence for the role of horizontal 
gene fl ow in transferring chunks of exogenous DNA into planktonic cells, even in 
eukaryotic plankton, where bacterial DNA has been found embedded in diatom 
genomes (Bowler et al.  2008 ). 

 Novel mutations and newly incorporated exogenous DNA are then acted on by 
natural selection. Depending on the type of selection pressure, evolution may main-
tain, reduce, or even eliminate that diversity. In fact, most mutation is deleterious 
(e.g. Sanjuan et al.  2004 ). Planktonic microbes may be able to avoid the negative 
impacts of deleterious mutation through enormous population and census sizes. For 
example, a spring bloom of the diatom  Ditylum brightwellii  likely contained some 
2400 genetically different clonal lineages (Rynearson and Armbrust  2005 ). That 
same bloom had cell numbers of >10,000 cells L −1 , highlighting that the blooming 
population also had a very large census size. In addition to maintaining diversity (as 
discussed above), the large number of clonal lineages provides enormous diversity 
for selection to act upon. 

 Organism life cycles also infl uence diversity. For example, sexual reproduction 
events release new diversity into populations. Other components of plankton life 
cycles may be equally important although their import has, for the most part, not 
been quantifi ed. For example, resting spores are essentially an archive of extant 
diversity for future selection to act upon (Härnström et al.  2011 ; Rynearson et al. 
 2013 ). Of course, asexual reproduction, the most common means of replication in 
the plankton, provides successful cells with the opportunity to generate many copies 
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of themselves (except see references above showing that asexual reproduction has 
less than perfect fi delity). Some phytoplankton, such as coccolithophorids alter their 
ploidy, changing from diploid to haploid with life stage (Green et al.  1996 ). By hav-
ing a range of reproductive modes on hand, it is likely that planktonic species can 
infl uence how selection acts on their gene pool.  

    Opportunities for Progress 

    Intra-specifi c Variability and Its Ramifi cations for Plankton 
Ecology Need to Be Quantifi ed 

 Just as an experiment lacking within-treatment replication is diffi cult to interpret in 
terms of among-treatment differences, attempts to characterize among-species dif-
ferences are limited if no information is available regarding within-species varia-
tion. The observation of high, intra-specifi c variability in physiology, behavior, and 
genetics of planktonic species suggests that approaches that try to distinguish spe-
cies, or even genera or classes based on single characteristics (e.g. dinofl agellates 
are slow growers) need to fi rst quantify the degree of within-species variability and 
determine if variation among strains of one species is suffi ciently small to permit 
distinction among species and higher taxonomic levels. Otherwise, multiple traits 
will be necessary to place species in multi-niche space. 

 One aspect of within-species variation that has only recently been identifi ed is 
the existence of genetically distinct populations. There is robust evidence showing 
that the gene pools of dinofl agellates (Richlen et al.  2012 ), diatoms (Rynearson and 
Armbrust  2004 ; Rynearson et al.  2006 ; Casteleyn et al.  2010 ), and coccolithophores 
(Iglesias-Rodriguez et al.  2006 ; Gäbler-Schwarz et al.  2015 ) can be subdivided into 
genetically distinct populations, despite the enormous potential for both continuous 
dispersal of individuals and mixing between populations. There is some evidence 
that these populations are physiologically distinct, allowing populations to diverge 
and perhaps adapt to local conditions (Rynearson and Armbrust  2004 ). This is sup-
ported by data from the diatom  Skeletonema marinoi  showing that a genetically 
unique population persisted in one fjord for at least 100 years (Härnström et al. 
 2011 ). These observations suggest that the potential to adapt to changing conditions 
is present in marine phytoplankton, though the relative importance of adaptation by 
local populations versus replacement by immigrant types has yet to be established 
and is an important avenue of research. 

 At the same time, further development of mathematical theory and exploration 
using model simulations will provide opportunities to formulate testable hypotheses 
on the role of intra-specifi c variability in the maintenance of biodiversity. Our own 
simulations (Menden-Deuer and Rowlett  2014 ), for example, can be enhanced from 
current assumptions of general “competitive abilities” on which strains and species 
are compared by incorporating biological realism and complexity.  
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    Plankton Ecology, Now and in the Future 

 An important application of enhanced understanding of intra-specifi c variability is 
the prediction of plankton responses to environmental conditions. Such predictive 
capacity is urgently needed in order to better understand how planktonic communi-
ties will respond to increases in temperature, pCO 2  and other variables and condi-
tions related to climate change (e.g. Hoegh-Guldberg and Bruno  2010 ). Currently, 
our ability to conduct appropriate measurements of plankton ecology in the context 
of climate change is stifl ed by the fact that climate change is forcing environmental 
change that is gradual but sustained (e.g. rates of ocean acidifi cation and tempera-
ture change). One approach toward understanding the response of plankton to these 
changes is to use elegant but time-consuming, long-term studies using experimental 
evolution (reviewed in Collins et al.  2014 ) which have shown that at least for some 
climate change variables, such as changing pCO 2 , phytoplankton may evolve by 
adapting to decreasing pH. 

 Experimental evolution experiments are typically done with single clones, point-
ing to a second limitation plankton ecologists currently face: our inability to con-
duct incubation measurements with  mixed  plankton assemblages that have been 
acclimated to target conditions (e.g. temperature). Acclimation of mixed plankton 
communities to target treatments poses a particular challenge because the issues of 
examining long-term responses on a single species (most often a single clone) are 
multiplied by the varied growth requirements of multiple species and interactions 
among species. Identifi cation of appropriate acclimation procedures is thus far an 
unsolved challenge. It is unclear how a mixed assemblage of diverse species can be 
acclimated to target conditions. Each species likely requires a different acclimation 
rate and type (e.g. gradient vs. step functions), which may vary depending on the 
process (e.g. enzymatic activity vs. growth). Acclimation is challenging and in itself 
may induce biases. For example, for mono-specifi c phytoplankton laboratory cul-
tures, Brand et al. ( 1981 ) found that in order to achieve constancy of a single metric 
(growth rate), the required acclimation period was 1–3 weeks, depending on spe-
cies. Thus, acclimation of diverse plankton communities to a target condition would 
require a prolonged incubation, while at the same time maintaining initial biotic and 
abiotic conditions, including species composition and nutrient concentrations to 
ensure applicability of results. Nevertheless, such challenges need to be solved, so 
that physiological and community responses to changing temperatures and other 
climate variables can be examined experimentally, leaving behind the current prac-
tice of keeping acclimation undefi ned or inadequate in most studies. 

 Ultimately, the inclusion of an organismal focus that incorporates fundamental 
individual-level variation should provide deep insights into the factors driving 
marine biodiversity, strengthen the theoretical underpinnings of ecology, and 
enhance our understanding of the population dynamics of microbes. Identifi cation 
of structuring mechanisms is not only scientifi cally fascinating but also has signifi -
cant implications for how we understand the function of planktonic ecosystems, 
and our ability to predict how these ecosystems may respond to changing climate 
conditions.      
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    Tatiana A. Rynearson and Susanne Menden-Deuer 

 Since the New York Times featured our wedding announcement, there is little infor-
mation that is publicly inaccessible about our relationship. Thankfully, the intricate 
details of our intersecting science interests were of minor interest to the NYT fact 
checker, so a few things are left to be told. We both had our fi rst immersion in ocean-
ography on a long cruise to the southern ocean polar frontal zone as part of the 
Southern Ocean JGOFS effort, led by mentor Professor V. Smetacek. During the 
cruise, a look through the microscope at the phytoplankton community composition 
gave a more accurate account of location and water mass than most other metrics 
measured on the cruise. This left us both with a lasting impression of the importance 
of an organismal perspective and a deep desire to understand the factors driving these 
distributions. As any good couple, we subsequently took vastly different approaches 
to pursue our scientifi c interests. One of us uses molecular tools to investigate the 
evolution, speciation, and biogeochemical function of phytoplankton and feeding 
ecology of zooplankton, while the other has focused on linking microscopic preda-
tor-prey behaviors with their population-level ramifi cations of plankton production, 
food web structure, and patchiness. With the help of supportive mentors, we have 
been fortunate to spend long stretches of our career in the same place, fi rst at the 
Alfred Wegener Institute as technician and M.Sc. student, then as graduate students 
at the University of Washington, and fi nally as faculty members at the Graduate 
School of Oceanography, University of Rhode Island. Although we do not try to 
work together formally, sometimes it is unavoidable and we have coauthored a few 
papers. Nonetheless, our most productive and joyful collaboration matured in 
December 2013 when our daughter was born.   
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The Elongated, the Squat and the Spherical: 
Selective Pressures for Phytoplankton Shape

Lee Karp-Boss and Emmanuel Boss

 Introduction

The size and shape of a phytoplankter are important morphological traits that impact 
resource acquisition (light, nutrients), vertical motion (sinking), and interactions 
with grazers. Consequently, selection for size and form is reflected in phytoplankton 
community structure (Kruk et al. 2010; Fraisse et al. 2013). The ecological signifi-
cance of cell size has been the subject of numerous studies (e.g., Chisholm 1992; 
Karp-Boss et al. 1996; Litchman and Klausmeier 2008; Litchman et al. 2009; Finkel 
2007; Maranon 2015 and many others) and will not be discussed further here. As for 
cell shape, it can justly be said that it has been studied a great deal but understood 
very little. Shape has been used to classify phytoplankton since the nineteenth cen-
tury, and taxonomists have provided detailed drawings and descriptions of phyto-
plankton forms. What is not clear is how the shape of a phytoplankter might affect 
its performance and contribute to natural selection. Several hypotheses have been 
put forth as to the potential selective value(s) of cell shape (Smayda 1970; Lewis 
1976; Sournia 1982), but relatively few studies have approached this question mech-
anistically, and empirical evidence from fitness experiments is difficult to obtain.

Phytoplankton exhibit striking morphological diversity (e.g., in shape, solitary 
vs. colonial growth, presence/absence of spines and other projections, types of cell 
coverings and ultrastructural features), and classification schemes of “morphologi-
cal types” have been produced since the early days of oceanography (reviewed in 
Sournia 1982). The general shape of cells, though, appears to be restricted to a finite 
number of geometric forms (Lewis 1976; Hillebrand et al. 1999). As a first approxi-
mation, phytoplankton shape can be represented by a series of spheroids and cylin-
ders with varying aspect ratios. For example, Nguyen et al. (2011) showed that the 
motion of a cell with spines or projections (e.g., Thalassiosira sp.) could be well 
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predicted from theory of the motion of spheroids in a simple shear flow, providing 
that the cell is described by the smallest inscribing spheroid that encompasses both 
the cell and its spines. The aspect ratio of a spheroid (E) is defined as the ratio 
between the principal axis of revolution and the maximum diameter perpendicular 
to this axis; thus two dimensions are sufficient to describe these shapes. An analysis 
of the distribution of aspect ratios of more than 8000 coastal microphytoplankton 
cells, representing different seasons and environmental conditions, indicates that 
attenuated shapes such as prolate spheroids and elongated cylinders (E > 1) are 
much more prevalent than spheres (E = 0), oblate spheroids or disks (E < 1; Fig. 1). 
These observations beg the question: Why is a prolate or rod-like shape much more 
common among microphytoplankton compared to oblate and discoid shapes? 
Assuming that shape selection is driven by environmental pressures, what are the 
selective advantages associated with elongated shapes compared to other shapes 
with similar volume and surface area?

Fig. 1 Frequency distribution of aspect ratios of phytoplankton. Figure modified from Clavano 
et al. (2007). Data source: California State Department of Water Resources and the U.S. Bureau of 
Reclamation. A subset of the data (2002–2003) was randomly selected for the analysis, represent-
ing a variety of aquatic habitats: from fresh water in the Sacramento-San Joaquin delta to estuarine 
environments in the Suisun and San Pablo Bays (California, USA). Data include phytoplankton 
from five different classes, including Bacillariophyceae (diatoms), Chlorophyceae, Cryptophyceae, 
Dynophyceae, and Cyanophyceae (N = 8059 cells). The aspect ratio is calculated as the ratio in 
length along the rotational and equatorial axes of a cell, based on the three-dimensional shape 
associated with each species as provided in Hillebrand et al. (1999). Vertical, dashed line high-
lights the position of spheres along the X-axis (Aspect ratio = 1)
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 Effects of Shape on Diffusion

To address these questions we first look at diffusion, a fundamental physical factor in 
the life of a phytoplankter and a primary selective pressure that drives natural selec-
tion in organisms that live on solutes. Diffusion governs the exchange of solutes 
between a cell and its surrounding environment, including nutrients, dissolved gas-
ses, info-chemicals, toxins, and other metabolites. While relative flow may enhance 
nutrient delivery to large phytoplankton cells (Karp-Boss et al. 1996), in the vicinity 
of the cell diffusion is always the dominant transport mechanism. Dependence on 
diffusion sets a constraint on cell size and, as we argue here, has also influenced cell 
shape. Of all convex shapes, a sphere has the lowest surface area-to-volume ratio for 
a given unit of volume (from here on we denote surface area, S, and volume, V, and 
their ratio S/V). Hence, deviation from sphericity will confer competitive advantage, 
especially in the case of larger cells. Since S/V decreases with size for any given 
shape, one would expect transport limitation to increase with size. Observations of 
57 species of unicellular algae show that size- dependent variation in surface area and 
volume deviates from the one expected for any series of objects that differ in size but 
share the same geometry (S α V2/3), indicating that cell shape changes with body size 
(Niklas 2000). Increasing surface area, however, is costly since the cell has to invest 
additional material and energy in constructing and maintaining a larger envelope per 
unit of volume (i.e., membranes and organic or mineralized cell walls). Competitive 
advantage will therefore be conferred only when the enhancement of diffusive flux 
will exceed the costs associated with added surface area. Different combinations of 
shapes and sizes can converge to the same V and S/V. If maximizing S/V was the only 
guiding principle that influences shape, then elongated, rod-like and flat, disk-like 
shapes would be equally likely to be found in nature. Yet, disk-like shapes are signifi-
cantly less common among phytoplankton (Fig. 1), or other osmotrophs such as bac-
teria (Dusenbery 1998; Young 2006). Dusenbery (1998), addressing the same 
question from the perspective of a bacterium, suggested that a disk-shaped cell is the 
optimal form with respect to increasing surface area because a disk has the largest 
surface area for a given minimum radius of curvature. Because bacteria are rarely 
shaped as disks, he concluded that increasing surface area is not a major component 
of fitness for bacteria (Dusenbery 1998).

The philosopher Marcus Aurelius (121–180 AD) said, “Look beneath the sur-
face; let not the several quality of a thing nor its worth escape thee.” For phyto-
plankton (including photosynthetic bacteria), elaboration of surface area is important 
for both nutrient and light acquisition, but S/V per se is not the best predictor of 
whether a specific shape contributes or not to the fitness of phytoplankton. To dem-
onstrate this point, we compare fluxes of solutes to a series of spheroids and cylin-
ders of identical surface areas and volumes. The rate of mass transfer to a particle of 
a given shape, F, is given by

 
F C C D= −( )∞φ 0 ,

 (1)

where C∞ and C0 are the ambient concentration and the concentration at the surface 
of the cell, respectively, D is the diffusion coefficient of the molecule of interest 
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(dimensions: L2 T−1) and ϕ is a shape factor that has dimensions of length, L (also 
called external conductance because the Laplace equation applies to both electrical 
conductivity and molecular diffusion of mass; Clift et al. 1978; Murray and Jumars 
2002). Analytical solutions have been derived for a number of geometric forms 
including spheroids, cylinders, rectangular plates, and cubes (Clift et al. 1978). For 
the purpose of this study, we applied solutions for prolate and oblate spheroids and 
cylinders (Table 1). If the diffusion coefficient, ambient concentration and concen-
tration at the cell surface are the same for all shapes, the flux ratio is equal to the 
ratio of their respective shape (conductance) factors.

We first examine the flux to spheroids and cylinders of varying aspect ratios rela-
tive to the flux to a sphere with an equal volume (a proxy for mass). We refer to the 
ratio between these fluxes as the “relative flux.” The range of aspect ratios in these 
calculations was determined from observations (i.e., Fig. 1). As expected, a spherical 
cell experiences the lowest flux compared to oblate or prolate spheroids, disks, and 
elongated cylinders, because this shape has the lowest S/V for a unit mass (Fig. 2). 
Next, we compare “relative fluxes” between prolate and oblate spheroids of the equal 
surface area and volume and elongated cylinders and disks of equal surface area and 
volume. Depending on the aspect ratio, the relative flux to a prolate spheroid and cyl-
inders is up to 30 % higher than that to oblate spheroids and disks of the same S/V 
(Fig. 3). Differences in fluxes between shapes of equal S/V arise from the fact that 
diffusion is not uniform over the surface area of an object of an arbitrary shape, but is 
affected by edges, corners, and the curvature of the object (Clift et al. 1978); prolate 
spheroids have, on average, higher curvature than flat disks of the same volume.

This result strongly suggests selective pressure for specific shapes rather than a 
convergence of different shapes that maximize S/V. For the same unit volume and 
investment in surface area, an elongated cell is expected to have a competitive 
advantage over a squat or flat one. Among elongated shapes, within the range of 
aspect ratios that is representative of phytoplankton and again for equal volume, 
cigar-like cells are predicted to experience slightly higher fluxes than cylindrical 
cells (Fig. 3). This theoretical prediction is not only consistent with the observation 
of the prevalence of rod-shaped cells compared to disk-shaped cells among phyto-
plankton and bacteria, but it is further supported by experimental results. Sommer 
(1998) conducted competition exclusion experiments with natural phytoplankton 
assemblages, grown under different silicate:nitrate (Si:N) ratios. Non-diatom spe-
cies in these natural populations tended to be spherical, whereas diatoms were mor-
phologically diverse. At (quasi) equilibrium, four of the six most successful diatom 
competitors were species with thin, elongated shapes; none of the diatom species 
that were excluded was very elongated (Sommer 1998).

The diffusion model presented here does not take into account cell physiology 
that by itself is under selective pressure. Using a physiological model, Grover 
(1989) examined the influence of cell shape on competition for phosphate. His 
model combines the Droop model for algal growth (growth as a function of internal 
stores of nutrients; Droop 1973) and empirical relationships between a physiologi-
cal process (uptake rate) and cell volume and surface area that were derived from 
the freshwater literature. These allometric relationships show that while maximal 
uptake is proportional to surface area (Smith and Kalff 1983), the minimal nutrient 
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Table 1 (A) Geometric relations for spheroids and cylinders (Beyer, 1987) and (B) diffusion 
shape factor (conductance), after Table 4.2 in Clift et al. (1978)
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E is the aspect ratio (b/a) for spheroids where “b” is the axis of revolution and “a” is the equatorial 
axis. For cylinders, “h” is the height and “a” is the radius (see illustration below)
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Fig. 2 (a) A comparison of S/V for spheroids of different aspect ratios. (b) “Relative flux” for 
spheroids as a function of aspect ratio (the flux to a spheroid relative to that of a sphere of equal 
volume). (c) “Relative flux” for cylinders as a function of aspect ratio (the flux to a cylinder rela-
tive to that of an equal volume sphere)
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Fig. 3 (a) Relative flux to oblate and prolate spheroids as a function of S/V and (b) relative flux to 
elongated cylinders (h/a > 1) and disks (h/a < 1) as a function of S/V

requirement per cell is less than proportional to cell volume (Grover 1989). 
Consequently, prolate cells with high aspect ratio will have a competitive advantage 
over smaller cells because the increase in surface area (i.e., their potential to acquire 
nutrients) is high relative to nutrient requirements (Grover 1989). While this evi-
dence is circumstantial, it is remarkable that all these independent approaches lead 
to the same conclusion that competition for nutrients favors elongated shapes. If an 
elongated shape indeed contributes to fitness, as suggested here, it may not be a 
coincidence that in the evolution of diatoms an elongated cell outline was acquired 
independently in pennate and centric diatoms (Alverson et al. 2006).
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 Other Selective Pressures

Nutrient acquisition reflects only one of the selective pressures experienced by 
phytoplankton. Other selective pressures may favor other shapes or be neutral with 
respect to shape, resulting in the coexistence of different shapes in nature. Light 
absorption, for example, depends on the cross-sectional area of a particle perpen-
dicular to the path of light. Of all convex shapes a sphere has the smallest cross- 
sectional area-to-volume ratio, therefore deviation from a spherical shape may 
again enhance fitness. Clavano et al. (2007) used a suite of numerical methods to 
study light absorption by randomly oriented spheroids of varying aspect ratios and 
compared them to spheres of equal volumes. Refractive index was chosen to be 
representative of phytoplankton and the derived approximate solutions cover opti-
cal regimes that span the range of cell sizes exhibited by phytoplankton. These 
numerical results suggest that for small particle diameters (<1 μm), absorption is 
similar for a spheroid and an equal volume sphere while for large phytoplankton- 
like particles (diameter >50 μm) absorption by a spheroid is always larger than that 
of a sphere of the same volume, but is similar for oblate and prolate spheroids with 
the same S and V (Fig. 8c of Clavano et al. 2007). For intermediate size particles 
(1–50 μm), the bias in absorption between a spheroid and an equal volume sphere 
increases monotonically with size, without an apparent advantage to one form 
(prolate or oblate) over the other (Fig. 8c of Clavano et al. 2007). Thus, for pico- 
phytoplankton absorption might be neutral with respect to shape selection whereas 
for microphytoplankton, deviation from sphericity enhance fitness relative to an 
equal volume sphere, but prolate and disk-like cells, of the same S and V, will have 
similar fitness.

Another possibly important evolutionary pressure operating on phytoplankton 
shape is grazing. Experiments showing morphological changes in response to 
grazers strongly suggest that morphology is a significant, selectable trait with 
respect to grazing, but thus far these studies have focused on colony or spine for-
mation (Long et al. 2007; Selander et al. 2011; Bergkvist et al. 2012; Van Donk 
1997). For solitary cells, the adaptive value of shape remains speculative with no 
theoretical or empirical arguments for the potential fitness of one shape over 
another. Encounter rates and the handling efficiency of a predator depend on the 
orientation of the prey item in the flow field and when intercepting the capture 
area of a predator. Spherical particles allow the greatest curvature of the foregut 
and can be swallowed without the need to re-orient the particles. Copepods can 
successfully re-orient elongated cells by means of their feeding currents but the 
efficiency of re-orientation is predicted to decrease in the presence of turbulence 
(Visser and Jonsson 2000). Turbulence may therefore select for rod-like shapes 
by reducing grazing pressures on these forms. More observations, theoretical and 
empirical models are needed to elucidate how grazing pressures may affect selec-
tion for shape.

Environmental forces act simultaneously, and their interactions result in a com-
plex combination of responses, making predictions of the selective value of shape 
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difficult. Using a quantitative, mechanistic analysis, we can begin to highlight a few 
general trends about cell shape. Most notably, competition for nutrients selects for 
elongated shapes, while competition for light appears to be neutral with respect to 
shape for small cells and equally selective for prolate and oblate spheroids for larger 
cells. Here we touched on only three selective factors, but left out other important 
ones such as interaction with ambient flows, namely turbulence, gravity (the need to 
remain suspended), motility, and physiological benefits associated with polar dif-
ferentiation of cells. More studies, including those that address evolutionary lin-
eages of morphology, are needed to evaluate the relative contributions of these 
diverse selective forces to shape selection in phytoplankton.
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      Crossing the Freshwater/Saline Barrier: 
A Phylogenetic Analysis of Bacteria Inhabiting 
Both Freshwater and Marine Ecosystems                     
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          Introduction 

 Saline and freshwater body systems are usually separate entities, but transition of 
microorganisms from one to another constantly occurs through various mecha-
nisms. Rivers unidirectionally transport biomass from freshwater to the marine sys-
tem. Bidirectional transport mechanisms include aerosols, plants, euryhaline 
(anadromous) fi sh, birds, and on an evolutionary more recent timescale there is also 
an increasingly anthropogenic contribution. 

 The separation between limnic and marine bacteria can be driven by several fac-
tors. Salinity of natural waters is one of the main environmental factors with a major 
contribution to structure and functional characteristics of aquatic microbiota. 
Hence, it can be an important factor for the separation of bacterial communities 
(Bouvier and del Giorgio  2002 ; Selje and Simon  2003 ; Telesh et al.  2013 ). To cope 
with external salinity, bacteria use two different mechanisms for osmoregulation: 
the “salt in” mechanism, utilized mostly but not exclusively by extreme halophiles 
and “compatible solutes” used by moderate halophiles and halotolerant bacteria 
(Wood  2011 ). Freshwater bacteria have been shown to survive in marine systems 
since the 1950s when the fate of sewage outfl ow into the ocean was investigated 
(Carlucci and Pramer  1959 ; Székely et al.  2013 ). Recent metagenomic studies have 
shown that while freshwater bacteria probably use the “salt in” osmoregulatory 
pathways, they have a signifi cantly lower number of Na pumps in comparison to 
marine bacteria (Oh et al.  2011 ). This would impair their ability to deal with the Na 
infl ux in saline waters or increase its energetic cost. Results showing that competi-
tion with resident communities have the strongest infl uence (Székely et al.  2013 ) 
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would favor for the latter option. An additional factor that may play a role in the 
transition of bacteria from freshwater to a marine environment is pH. While the pH 
in freshwater may vary dramatically between systems, ranging between <2 and >12 
(Joint et al.  2011 ), the oceanic pH is rather stable at slightly alkaline values of about 
8.1–8.3. 

 Biogeographically, this continuous transport leads over time to a ubiquitous dis-
tribution of aquatic bacteria thus fulfi lling the “Everything is everywhere” clause 
from the Baas-Becking ( 1934 ) theorem. The establishment and lasting of different 
microbial communities in freshwater and saline aquatic systems proves that indeed 
“Environment selects” and fulfi lls the second clause of the theorem. Nevertheless, 
most biogeographical studies neglect the time of transfer as a possible signifi cant 
factor in the absence of an organism from an ecosystem. In this study, we searched 
for organisms with identical 16S rRNA gene sequence inhabiting both marine and 
freshwater systems and addressed the time issue by compiling sequence data from 
a database containing several decades of data.  

    Recent Data on Shared Taxa 

 Comparing samples collected over a prolonged period of time from two different 
limnic and two different marine systems, we tried to evaluate the frequency of taxa 
common to both types of environments (Bižić-Ionescu et al.  2014 ). Interestingly, 
only 68 Operational Taxonomic Units (OTU) (clustered at 99 % similarity) out of 
35,554 were shared between the limnic and marine systems. Out of these, 41 OTUs 
belonged to particle-associated (PA) bacteria, 19 of which were known as potential 
pathogens. These include bacteria such as  Staphylococcus aureus ,  S. epidermidis ,  S. 
pasteuri ,  Brevundimonas diminuta ,  Bosea massiliensis , and  Vibrio  sp. Although we 
cannot rule out that these sequences are anthropogenic contaminations that occurred 
during sampling or sample preparation, particles are known to serve as a refuge for 
pathogenic bacteria (Grossart et al.  2010 ; Tang et al.  2011 ). It has been described 
before that important pathogens like  Vibrio cholera  survive and spread on particles 
(Colwell et al.  2003 ; Danovaro et al.  2009 ). Nevertheless, this is the fi rst time that 
16S rRNA gene sequences identical to that of pathogenic bacteria are described 
simultaneously, on particles from both limnic and marine systems. Our fi ndings 
suggest that particles could serve as transfer vehicle between different ecosystems. 
It has been observed that in estuaries, environments with transitional properties 
between limnic and marine systems, >50 % of the bacteria are found to be associ-
ated with particles (Crump et al.  1998 ; Simon et al.  2002 ). Therefore, it is possible 
that the microniche of the particle protects the bacteria against sudden changes in 
the environmental conditions. A similar observation was made for bacteria “hiding” 
from UV irradiation in wastewater treatment plants (Tang et al.  2011 ). While a par-
ticle can shade the UV light thus offering the bacteria a protective environment, it 
remains to be determined if it can also provide a safe passage through a strong salin-
ity gradient.  
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    Synthesis of Published Sequence Data 

 To establish the validity of these results on a global scale, we conducted a small- scale 
comparison using the SILVA PARC small rRNA subunit database (release 115). We 
extracted 367,000 marine and freshwater sequences (out of 3,800,000), using text 
identifi ers applied to the sequence isolation location. A similar comparison was done 
by Barberán and Casamayor ( 2010 ) using >7000 surface water sequences which 
clustered at 97 % similarity. When clustering the sequences obtained from the SILVA 
database (Quast et al.  2013 ) at different similarity levels, we observed the omnipres-
ence of a certain set of sequences between marine and freshwater systems (Fig.  1 ). 
Interestingly, the number of obtained OTUs (with 90–99 % sequence similarity) 
shared between marine and freshwater systems appear to be rather conserved, rang-
ing between 4850 and 5000 OTUs, and only dropping to 2279 at 100 % similarity. 
Nevertheless, these OTUs show a decrease in their proportional signifi cance from 
the entire dataset decreasing from 25 to 0.81 % out of the total OTUs when the simi-
larity criterion was increased from 90 to 100 %, respectively. In our study (Bižić-
Ionescu et al.  2014 ), we were able to provide a PA/FL (free-living) distribution of the 
taxa shared between limnic and marine habitats; however, this was not possible for 
the SILVA database as the information is not available.

   The number of globally shared OTUs at 99 % similarity clustering is much higher 
than obtained in our localized study (4850 vs. 68 OTUs making up 4.3 and 0.2 % of 
all OTUs, respectively). Part of the large number of shared taxa could be the result 

  Fig. 1    Total number of 
operational taxonomic 
units (OTUs) obtained by 
clustering sequences from 
marine and freshwater 
environments available in 
the SILVA SSU PARC 115 
database alongside the 
number of shared OTUs 
between the two 
environments ( a ). 
Percentage of shared OTUs 
out of the total for each 
sequence similarity 
criterion ( b ). The shared 
OTUs span over the three 
domains of life:  Archaea , 
 Bacteria , and  Eukaryota        
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  Fig. 2    Estimated distance between limnic and marine sequences within individual clusters. 
Information on sampling location was available only for 1528 out of 8192 sequences. The distance 
shown is that between the capitals of the countries where the sequences were isolated. To minimize 
the effect of direct connectivity between limnic and marine ecosystems in the absence of accurate 
data, sequences from the same country were given a distance value of 0       

of wrong data mining coupled with incomplete data submission for the deposited 
sequence; however, manual verifi cation of part of the results showed that this does 
not account for the entire phenomenon. Interestingly, the grouping of these taxo-
nomic entities is conserved up to 99 % sequence similarity, suggesting that these 
sequences belong to conserved clusters. 

 A second possible explanation for the relatively high number of shared sequences 
between limnic and marine systems can be that the sequences originate from directly 
connected systems (i.e. lakes, rivers, and their deltas). To evaluate the nature of con-
nectivity between identical sequences, we calculated the distance between the capi-
tals of the countries from which the sequences were obtained. To minimize the effect 
of erroneous or minimalistic meta-data submission, distance between sequences 
from the same country was set by defi nition to 0. As this includes large countries like 
the USA and China, the results presented in Fig.  2  are probably an underestimation 
of the actual number of geographically distanced sequences. Nevertheless, nearly 
half (738/1528) of the sequences for which geographical information was available 
were identical to a marine or limnic counterpart sampled over 1000 km away.

   The distribution of distances between identical marine and limnic sequences is of 
biogeographical signifi cance supporting the Baas Becking hypothesis of “Everything 
is everywhere but the environment selects” (Baas-Becking  1934 ). Due to the limited 
duration of standard projects, biogeography studies omit the time  factor involved in 
transport of organisms across distant ecosystems. Therefore, these studies provide 
temporally concentrated snapshots that may result in an  apparent pattern (e.g. 
Ghiglione et al.  2012 ; Yan et al.  2009 ; Brandsma et al.  2012 ) whose presence may or 
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may not withstand the test of time. Nevertheless, some studies do acknowledge the 
problem of short sampling durations (e.g. Ionescu et al.  2010 ; Ghiglione et al.  2012 ). 
Thus, such studies obtain information relatively simultaneously from several loca-
tions. In contrast, a long-term, continuously expanding database such as the SILVA 
SSU database contains sequences submitted during at least the last two decades. 
Therefore, fi nding marine- and limnic-associated sequences in distant opposing 
environments (Fig.  3 ) suggests transport and thus supports that indeed “Everything 
(has the chance to be) everywhere.” The low number of shared sequences out of the 
overall data is strong evidence that certainly “Nature selects” for those organisms 
most adapted to the environment. This is in line with what was postulated by Ionescu 
et al. ( 2010 ) stating that two distanced environments sharing both identical and non-
identical sequences result from transfer of organisms followed by local environmen-
tal (biotic as well as abiotic factors) selection. Accordingly, sampling at a different 
time point may reveal a different environmental snapshot due to (a) shift in dominant 
communities; (b) accumulation of random mutations in once-identical, dominant 
species (as opposed to evolutionary stagnant cryptic species).

   Based on the above, we hypothesize that the identifi ed transitions between lim-
nic and marine systems (or vice versa) represent recent evolutionary events. If 
indeed identical 16S rRNA sequences originate in this case from identical organ-
isms, the shared clusters represent either recent or unsuccessful transitions that did 
not yet accumulate any mutations. Given that short sequences generated by high- 
throughput methods are not included in the SILVA database, it is reasonable to 
believe that the analyzed data do not belong to the rare biosphere. This leaves the 
option of recent transition as the most plausible. 

  Fig. 3    Maximum time difference (in years) between submission dates of limnic and marine 
sequences within individual clusters. Data were available for 2373 sequences forming 1027 
clusters       
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 The shared OTUs are spread across numerous families with those making over 
1 % of the prokaryotic sequences shown in Fig.  4 . Families with the largest number of 
shared sequences include  Acidimicrobiaceae  ( Actinobacteria )  Acidithio-bacillaceae  
( Gamma-proteobacteria ),  Burkhold-eriaceae  and  Comamonadaceae  
( Betaproteobacteria ), and the gram-positive  Bacillaceae . The  Betaproteobacteria  
have been suggested before to have made several transitions between freshwater and 
marine environments (Rappé et al.  2000 ), therefore it is expected that they make 
the largest fraction of the shared prokaryotic sequences. Nevertheless, Walsh et al. 
( 2013 ) point out only the  Methylophilalles  (OM43 clade) as shared taxa. Interestingly, 
other groups that were suggested to be shared between freshwater and marine envi-
ronments such as the  Planctomycetes  (Glöckner et al.  1999 ; Pizzetti et al.  2011 ), 
 Verrucomicrobia  (Lee et al.  2009 ; Arnds et al.  2010 ) make up only a very small frac-
tion (<1 %) of the shared taxa. An interesting result comes from the SAR11 clade. 
This clade harbors the ubiquitous marine SAR11 (Giovannoni et al.  2005 ) and its 

  Fig. 4    Taxonomic distributions at the family level of prokaryotic sequences shared between fresh-
water and marine environments at 99 and 100 % sequence similarity, respectively. Only families 
which make up over 1 % of the total prokaryotic sequences in either of the clustering criteria are 
shown (the abundance values are given in the fi gure). Families marked with a  star  were also found 
to be common in our specifi c comparative study (Bižić-Ionescu et al.  2014 ). The distribution 
among the three domains of life of the sequences shared between marine and freshwater environ-
ments is shown in the  central panel  for each clustering criteria. Groups for which taxonomic data 
are not available at the family level are represented by the last two defi ned taxonomic levels fol-
lowed by  three dots        
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freshwater counterpart LD12 (Newton et al.  2011 ). At 97 % similarity this bacterial 
group spans over all aquatic environments (Logares et al.  2010 ) yet at higher resolu-
tion the marine and freshwater species are believed to be separated (Logares et al. 
 2010 ). Interestingly, while we do not fi nd marine designated SAR11 sequences to be 
shared with freshwater environments, OTUs recognized as LD12 make up 1.3 and 
2.2 % of the shared sequences at 99 and 100 % similarity.

   If this result holds true, when sequences are chosen from better defi ned locations, 
it suggests that some members of the freshwater adapted SAR11 bacteria main-
tained their ability to survive in saline waters. Interestingly, Zaremba-Niedzwiedzka 
et al. ( 2013 ) suggest following the analysis of 57 LD12 clade genomes that these 
organisms are highly adapted to their freshwater environment, unlike their marine 
counterparts which show a large genetic variability. This is in contrast to our hypoth-
esis where some LD12 bacteria maintained their ability to return to the sea. 

 When expanding the borders of the study to the global scale, two things become 
evident: (1) Indeed, transitions between freshwater and marine environments are either 
not frequent or have not left a strong evolutionary footprint on the microbial commu-
nity; (2) Despite their low contribution to the overall aquatic communities, omnipresent 
bacterial groups do exist, and they span across a large part of the phylogenetic tree. 

 Walsh et al. ( 2013 ) suggest that a border-crossing bacteria may on the one hand 
benefi t from the lack of competition from his source community, as known from 
invasion events of higher organisms (e.g. fi sh, mussels or copepods; Lee  1999 ; Lee 
and Bell  1999 ), while on the other hand it may perish, as it is not well adapted to the 
new environment. The latter however, may place the invader among the less domi-
nant, yet detectable, members of the biosphere accounting for the relatively low 
abundance of shared freshwater-marine taxa.  

    Future Perspectives 

 The 16S rRNA sequence comparison based on the SILVA database serves as a proof 
of principle and a calls for an extended study. Metagenomic data from both limnic and 
marine ecosystems are freely available and coupled to analytical tools through plat-
forms such as MG-RAST (Meyer et al.  2008 ) and IMG-MER (Markowitz et al.  2012 ). 
The comparative analysis of these data will show whether the phenomenon of shared 
limnic and marine taxa holds beyond the 16S rRNA level. Expanding the similarity to 
longer sequences up to the genomic level will allow for a more accurate determination 
of separation time between the twin limnic and marine organisms. Additionally, the 
same data can provide answers regarding survival strategies of these organisms in the 
new limnic or marine environment (e.g. increased number of Na pumps). 

 Bižić-Ionescu et al. ( 2014 ) have shown that the majority of the OTUs they identi-
fi ed as shared between limnic and marine systems were found associated with par-
ticulate organic matter. These particles served as nutrient and carbon oasis in an 
often oligotrophic aquatic environment and as such are rapidly colonized by bacte-
ria. Such particles were suggested to be hotspots for lateral gene transfer via several 
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mechanisms (Riemann and Grossart  2008 ; Walsh et al.  2013 ; Bižić-Ionescu et al. 
 2014 ) including phages and uptake of naked DNA from lysed cells. It is possible 
therefore that particles hold a signifi cant role in the adaptation of limnic and marine 
organisms to counter-environments by facilitating rapid acquisition of necessary 
genes. This hypothesis remains to be evaluated in future studies.     
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    Mina Bižić-Ionescu and Danny Ionescu 

 After months of politely refusing suggestions to meet from a mutual friend, we 
eventually had a coffee together in January 2009. Mina, who fi nished her M.Sc. 
studies in Belgrade, Serbia, in 2005 and has since fi nished a second M.Sc. on mod-
ern science, and the kosher laws in Judaism in Stockholm, Sweden, was at the time 
a research assistant at the Kinneret Limnological Laboratory in Israel, working with 
Werner Eckert. Danny was in his last year of his Ph.D. with Aharon Oren at the 
Hebrew University of Jerusalem. After a short hello, we both confessed that we are 
heading for Germany for our next career step, Mina for a Ph.D. and Danny for a 
postdoc. This was already a sign that this coffee is only the fi rst of many. Our fol-
lowing dates were a series of 24 h experiments that made us realize how well we 
function together as a research team. Our passion for the sea took us to the next 
level, as in September 2009 at a depth of 36 m in the Red Sea, Danny proposed; a 
step that culminated a year later with a sunset wedding on the Mediterranean coast. 
Mina’s Ph.D. was a collaborative research between the Leibniz Institute for 
Freshwater Ecology and Inland Fisheries and the Max Planck Institute for Marine 
Microbiology in Bremen, where Danny did his postdoc. This allowed us to collabo-
rate at work and build a home and a family in Bremen. We have been offi cially and 
unoffi cially involved in each other’s projects resulting in several common publica-
tions. However, the part of our collaboration we are most proud of is Duan El’azar 
born in 2012, making Mina’s Ph.D. “slightly” more exciting, and Eva-Mai Leah 
born in 2015. Today we are both postdocs at the Leibniz Institute for Freshwater 
Ecology and Inland Fisheries working on several projects, among them methane 
production in oxygenated water column and particulate organic matter degradation 
and succession of associated microbial communities.   
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Marine Biogeochemical Models 
with the “Omics” Revolution                     

     Victoria     J.     Coles      and     Raleigh     R.     Hood   

          Introduction 

 Since 2002, exponential growth in the number of marine science journal articles that 
used the term “omics revolution” (Fig.  1 ) attests to a general recognition of how 
genomics is reshaping marine science. The revolution is fueled by rapid advances in 
genomic, transcriptomic, and proteomic methods that are providing increasingly 
rapid, detailed, and reliable information about the genetic composition and variabil-
ity of marine organisms, and the degree to which this potential is expressed. 
Moreover, this information is being generated at such high rates due to advances in 
sequencing technologies (Fig.  1 ) that marine microbial ecologists have struggled to 
learn the bioinformatics tools associated with analysis, interpretation, and visualiza-
tion to keep up with the data onslaught. New organisms, metabolic processes and 
pathways that were previously unknown have been discovered, and subtle meta-
bolic variations within and among species and across environmental gradients have 
also been revealed (Chisholm et al.  1988 ; Proctor and Fuhrman  1989 ; Zehr et al. 
 1998 ; Beja et al.  2000 ; Morris et al.  2002 ; Rynearson and Armbrust  2004 ). There is 
every reason to believe that this astonishing rate of discovery will continue for years 
to come. The obvious challenge is how to make sense out of the torrent of new 
information to bring insights to marine ecology and biogeochemistry. What role do 
all these new genes, transcripts, and proteins play in driving marine ecosystem 
dynamics and biogeochemical cycles?

   Marine ecosystem and biogeochemical modeling techniques provide one 
approach to address this question. Traditionally, these are either steady state or 
prognostic numerical models comprising a set of state variables representing vari-
ous ecosystem and biogeochemical constituents with exchanges between them 
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specifi ed by a set of equations (Hood et al.  2006 ; Hood and Christian  2008 ). They 
synthesize information and fold it into a quantitative mathematical framework that 
can be coupled with a physical representation of the marine environment and used 
for prediction. Models attempt to encapsulate, in a mathematical and mechanistic 
framework, the state of our knowledge of the marine ecosystem and microbial 
dynamics that control marine biogeochemical cycles. However, at present, little 
progress has been made toward incorporating “omics” data into either the develop-
ment or validation of these models. Rather, we continue to depend upon traditional 
measurements of bulk biogeochemical properties and rates, even though these data 
are usually not suffi ciently abundant to adequately constrain our models (Hood 
et al.  2006 ; Friedrichs et al.  2007 ). The key question addressed in this chapter is: 
How can we use genomic, transcriptomic, and proteomic data to help us develop 
and validate marine biogeochemical models? 

 The challenge is daunting. Our conceptual understanding of microbial diversity and 
metabolic function is evolving much faster than marine ecosystem biogeochemical 
model development. This is dramatically illustrated by the fact that even though hun-
dreds of new bacterial and archaeal phylotypes have been discovered in recent years, 

  Fig. 1    Number of Google scholar citations including the term “omics revolution” in relation to 
marine science ( blue ). Growth in GenBank sequence number prior to 2001 ( red ) and after 2001 
( green ). Note that the term “omics revolution” didn’t come into use until the rate of sequence addi-
tion began to level off to a linearincrease       
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many large-scale prognostic biogeochemical model formulations still do not include 
explicit representations of bacteria. Indeed, only one of seven  ecosystem models run in 
the recent IPCC CMIP5 ensemble and analyzed by Bopp et al .  ( 2013 ) included explic-
itly a heterotrophic bacterial functional group, and only two of the models included a 
diazotrophic cyanobacterial group. Moreover, a scientifi c cultural divide has emerged 
between the marine biogeochemical modeling and omics research communities that 
we suggest has been, to a large degree, created and reinforced by differences in scien-
tifi c methods, terminology, and reporting. 

 We argue that to bring these two separated fi elds of marine research together 
we have to: (1) bridge the scientifi c cultural and structural divide that has emerged 
between the marine biogeochemical modeling and omics research communities 
that prevents meaningful scientifi c exchange and collaboration; (2) fi nd novel 
methods for relating omics data to our current biogeochemical models that both 
allow useful comparisons between models and data and that provide insights into 
how one might alter a more traditional model structure to make it more realistic; 
and (3) move toward development of models that are more representative of the 
diverse microbial community composition and the associated diversity of meta-
bolic functions that exists in marine waters so that this mapping can be more fully 
realized. Thus, the solutions we propose are not revolutionary. Rather, they are 
evolutionary. We argue that we simply need to work on bridging the divide through 
mapping genes to model structures and functions and vice versa in increasingly 
sophisticated ecosystem and biogeochemical models, and through fostering better 
communication that will facilitate comparisons and understanding. We hope that 
this chapter represents a substantial fi rst step.  

    Bridging the Cultural and Structural Divide 

 The scientifi c divide that has emerged between the marine biogeochemical model-
ing and omics research communities is created and reinforced by differences in 
scientifi c methods and terminology. Indeed, a marine microbiologist likely com-
municates more effectively with a medical microbiologist than a marine biogeo-
chemical modeler. Breaking down barriers to communication requires educating 
both modelers and microbiologists. It also requires structural changes in biogeo-
chemical models to incorporate the diversity of prokaryotic biogeochemical func-
tion in addition to the eukaryotes generally simulated in ecosystem models. 

    Omics Measurements for the Modeler 

 Omics research can be classifi ed into investigation of DNA (genomics), RNA (transcrip-
tomics) and protein synthesis (Proteomics), as well as a host of further divides such as 
metabolomics, lipidomics, and more. Here, we will generally use the term “genomics” 
broadly to refer both to the genetic potential encoded in an organism’s DNA as well as to 
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the study of how that DNA is transcribed and encoded into proteins that infl uence meta-
bolic processes. However, each branch of omics research typically targets a different 
function. Studies of the genome target the gene sequences of organisms. In marine micro-
bial research this includes efforts to determine the DNA sequences of microorganisms 
and the proteins and metabolic functions for which these sequences encode. Thus genes 
provide information about the physiological and metabolic potential of marine microbes. 
Metagenomics provides this information about communities as a whole. In addition, dif-
ferences in the genomes of microbes are used to distinguish clades or genotypes (intra-
species variability), phylotypes (species), and taxonomic relationships. Much of the effort 
in environmental genomics has focused on taxonomic relationships, as well as measures 
of the similarities of lineages. These measurements allow for measuring and assessing the 
diversity in a community as a function of space and/or time (Fuhrman et al.  2008 ; Ladau 
et al.  2013 ; Fortunato et al.  2012 ). In addition to assessing community composition, new 
technologies and expanding databases allow for searching metagenomes for genes that 
code for specifi c metabolic and biochemical processes. Thus, the genetic potential of a 
community to evolve and adapt in a changing environment can be assessed, though 
whether this genetic potential will be expressed is not determined. 

 Transcriptomics investigates the transient mRNA that is actively transcribed 
within the cells of marine microbes. This provides information about the degree to 
which the genomic potential of a microbe is being expressed at a given time. 
Metatranscriptomics measures transcription over the whole microbial community 
(typically for eukaryotes and prokaryotes separately). In contrast to genomic 
assays of an individual or static community, transcription varies with environmen-
tal and cellular cues. Thus, the genome provides potential, whereas transcription of 
the gene indicates that an organism is building or regulating the protein structures 
required for a biochemical transformation. However, quantifi cation of how tran-
scription relates to a biochemical rate is a challenge. Some cells may transcribe 
mRNA only when actively completing a biochemical transformation while others 
may transcribe mRNA continuously whether the substrates or need for a biochemi-
cal transformation occurs or not. The direct link is also weakened because the half 
lives of proteins (~20 h) are much longer than mRNA (~2–5 min) (Moran et al .  
 2013  and references within), and because cells, particularly eukaryotes, may tran-
scribe mRNA but then not complete protein synthesis. However, averaged over 
many cells in a community, transcription rates should broadly relate to protein 
expression rates (Moran et al.  2013 ). 

 Proteomics is the study of the expression, structure, and function of proteins, 
which provides information about the degree to which mRNA is translated into 
proteins that carry out cellular and metabolic functions. This is important because, 
as described above, transcription and actual construction and activation of a protein 
may not be tightly linked. Therefore, proteomics provides a characterization of the 
degree to which the genomic potential of an organism is actually realized. As pro-
teomics methods evolve, this fi eld may provide a more direct link to rates of bio-
chemical transformation, though the large number of observed proteins whose 
biochemical function remains uncharacterized and further complexity associated 
with protein transformation after generation as a function of the state of the cell, or 
the environmental variability will have to be better understood. 
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 Because of the challenge of linking these types of genomics data to biochemi-
cal transformations and rates, it is critical for integration into models that the 
collection of genomics data be coincident with measures of the biogeochemical 
environment and that they be as quantitative as possible. From the perspective of 
identifying measurements of utility for ocean modelers, the importance of time-
series programs is diffi cult to overstate. These programs provide long-term con-
sistent nutrient, biomass, and rate measurements which are often directly 
comparable to processes and quantities derived by biogeochemical models 
(Lomas et al.  2013 ). Discoveries associated with time-series genomics measure-
ments have resulted in new methods, new discoveries, and will continue to 
inform new studies (Giovannoni et al.  2014a ,  b ; Karl and Church  2014 ). Ensuring 
that genomics (in the broad sense of the term) measurements continue to be col-
lected at these time series is critical to better understanding and characterizing 
how gene expression, genetic potential, and protein synthesis relate to biogeo-
chemical process and environmental variability and therefore also for linking 
genomics measurements to biogeochemical processes and environmental vari-
ability simulated by models.  

    Biogeochemical Models for Microbial Ecologists 

 Before we can relate genomic analyses to models, it is helpful to understand how 
most coupled physical and biogeochemical models are constructed. For many 
applications, ecological models are embedded within a circulation model that 
specifi es the environment, e.g., temperature, salinity, advection, and diffusion. In 
this framework, biogeochemical “state variables” are specifi ed such as nutrients, 
phytoplankton, zooplankton, and detritus (NPZD). Each variable is acted upon at 
each location (typically 50,000–50,000,000 cells) at each time (typically each 
1–0.04 h). An ecological model determines the transformations and fl uxes between 
state variables. The computational expense of adding state variables has led to a 
trend of specifying “functional groups” of organisms rather than to specifying mul-
tiple species of diatoms for example (Hood et al.  2006 ). Biogeochemical models 
with fewer than 10–20 types of inorganic, particulate and dissolved organic sub-
strates, and living groups generally strain computation resources to their limits. 
Carrying signifi cantly more than 10–20 state variables in a three-dimensional cou-
pled model is often unfeasible. 

 Each functional group has sources and sinks, such as growth, respiration, mortal-
ity, and grazing. Thus,

  

¶
¶

= ( ) ( ) ( ) - ( ) +( )M

t
H I S T N K M I S M R Z em , , ,

   

represents the evolution over time of the concentration of an organism,  M . The 
growth term is a function of some maximum growth rate,  μ , a function  H ( I , S ) 
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which limits growth based on the availability of an energy resource such as 
light,  I , or substrate,  S , which could be prey or dissolved substrate availability, 
a function  T ( N ) which limits growth based on the availability of biochemical 
building blocks,  N , a function  K  which is unique to the organism, and repre-
sents its growth efficiency for a given energy and substrate, and the organism’s 
present biomass. The loss term is a function of predation,  R ( Z ), by hetero-
trophs ( Z ), as well as a growth independent respiration,  e . A number of increas-
ingly complex functions can be applied to these equations to more subtly 
represent luxury consumption of nutrients, or grazing preferences, however 
most biogeochemical models embedded within physical circulation models 
have this basic form. 

 In a functional group model, each group’s environmental response is carefully 
tuned to exploit a specifi c niche within an environmental gradient such as the 
tropical Atlantic and Amazon River plume (Fig.  2 ). The model (Stukel et al. 
 2014 ), based on prior modeling efforts (Hood and Coles  2004 ; Yoshikawa et al. 
 2013 ), explicitly represents functional groups, particularly nitrogen fi xers, thought 
to be important in biochemical transformations of inorganic and organic nutrients 
delivered from the terrestrial to the marine environment. It is important to empha-
size that this type of biogeochemical model is limited to representing the conse-
quences of aggregated genomic processes. Most cellular processes are not 
explicitly represented in biogeochemical models, much less genes (genomics) and 
their transcription (transcriptomics) and translation (proteomics). From the equa-
tions above, it is clear that there are relatively few terms for representing the cel-
lular metabolism described in genomics level studies. Of course, there are 

  Fig. 2    Fraction of biomass associated with each phytoplankton functional group as a function of the 
limiting nutrient for each organism. (a) cyanobacteria, (b) unicellular diazotrophs, (c) Trichodesmium 
spp., (d) diatoms, (e) diatom-diazotroph assemblages. From Stukel et al. ( 2014 )       
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biogeochemical models that are explicitly designed to represent more complex 
cellular processes (e.g. Flynn  2008 ; Flynn and Mitra  2009 ); however, these are 
not applied in large-scale biogeochemical modeling studies because they are so 
computationally demanding and the data sets for constraining these models are 
limited. The potential for incorporating more complex cellular processes in large-
scale biogeochemical models so as to make them more amenable to comparison 
with genomics data is discussed further in section Near-Term Innovation .

   These models are generally used to predict primary production, carbon import 
and export from the water column, air–sea climate interactions, ocean de- 
oxygenation, and a host of processes that are infl uenced by processes at the cel-
lular level, but indirectly. Models may also be used to test hypotheses relating to 
community dynamics, but typically at the functional type level, rather than a spe-
cifi c organismal or phenotype level. Stukel et al. ( 2014 ), for example, use their 
model (Fig.  2 ) to understand whether community structure along the Amazon 
plume is mediated primarily by the evolution of the biochemistry of the plume, or 
whether grazing control drives the community evolution. Thus, there is a broad 
divide between the detailed process information that emerges from genomics 
research and what the biogeochemical modeling community can currently incor-
porate into existing models.  

    The Structural Divide 

 Another important challenge to integrating the information emerging from genom-
ics research with our current biogeochemical ocean models is that genomics analy-
ses have been more focused on prokaryotes than eukaryotes, whereas the reverse is 
true in biogeochemical models. While efforts such as the Marine Microbial 
Eukaryote Transcriptome Project are aimed at increasing the number of eukaryote 
sequences, information on eukaryote gene structure and function in marine systems 
is much scarcer than for prokaryotes (e.g. Fig.  3 ). In contrast, most large-scale 
three-dimensional coupled physical–biogeochemical models lack any dynamic rep-
resentation of heterotrophic bacteria, though some unique functions associated with 
cyanobacteria such as nitrogen fi xation have become more common in models 
(Fig.  3 ; Moore et al.  2004 ; Stock et al.  2014 ; Fennel et al.  2008 ; Follows et al.  2007 ; 
Friedrichs et al.  2007 ). This mismatch between modeling effort, which has targeted 
mostly eukaryotic phytoplankton and zooplankton, and genomics effort, which has 
been more focused on prokaryotic organisms, means that there is surprisingly little 
overlap between the organisms for which we have some understanding of genes and 
the biochemical processes for which they encode, and the organisms whose func-
tions are represented in marine biogeochemical models. More investigations where 
prokaryote and eukaryote genomics are measured in tandem with conventional rate 
measurements should be motivated, and model development efforts should place 
more emphasis on prokaryotic organisms which are the primary agents of biogeo-
chemical transformation in marine systems.
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        Relating Existing Omics to Current Biogeochemical Models 

    Taxonomy and Diversity 

 Initially, environmental metagenomics focused on assessing and characterizing the 
vast array of microbial diversity, and how organisms or operational taxonomic units 
(OTUs) were related taxonomically (e.g. Muyzer et al.  1993 ; Crump et al.  1999 ). 
However, this is not how organisms are generally represented in marine biogeochem-
ical models. In a model, the “taxonomic” groupings tend to be structured around 

  Fig. 3    (a) number of partial genomes available at the National Center for Biotechnology Information 
(NCBI) for eukaryotes, prokaryotes, and viruses. (b) histogram of the number ofmodel state variables 
dedicated to phytoplankton, zooplankton, and bacterial processes for a selection of biogeochemical 
models. Models referenced in the text       
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biogeochemical processes (Hood et al.  2006 ). Both conceptual and numerical bio-
geochemical models tend to collapse diversity to the minimum number of organisms 
able to exploit the relatively low temporal, spatial, and structural variability in model 
physics and biochemistry. For typical biogeochemical models, “diversity” exists 
only where a process of interest, such as calcifi cation or nitrogen fi xation is being 
expressed in addition to the other “background” autotrophic processes (e.g. Stukel 
et al.  2014 ; Fig.  2 ). New efforts to develop models better poised to explore the role 
of diversity are reviewed in Follows and Dutkiewicz ( 2011 ) who cite examples from 
their Darwin model (Follows et al.  2007 ) with 78 autotroph species that explore the 
spatial characteristics that drive large-scale diversity in the ocean. The Darwin 
approach represents a very important step toward developing models that better rep-
resent the taxonomic diversity that is observed in the marine systems, which facili-
tates comparisons between genomics data and model output (discussed below). 

 Statistical techniques for reducing complex data sets (e.g. multi-dimensional scaling, 
clustering) that are widely used in ecology are now commonly applied to samples where 
operational taxonomic units have been identifi ed using genomic methods (e.g., 16S 
Ribosomal RNA). Communities are then arranged along non- dimensional axes, based 
on their similarity. Environmental factors such as salinity or nutrients can then be pro-
jected onto the axes to suggest factors that correlate with, and thus might structure simi-
lar or dissimilar communities. While this typically requires a broad array of species, it is 
not outside the range of possibility for models to include such information. Furthermore, 
it is not necessarily required that a model has a large number of species to quantify the 
similarity of different communities, thus the technique can be used in the analysis of 
current generation biogeochemical models that have multiple functional groups. 
Applying the same kinds of statistical analyses, that are now being widely applied to 
analyze genomic data, to the output of biogeochemical models enables meaningful 
comparisons between genomic and modeling studies and it can help bridge the gap 
between the genomics and modeling research communities. The following is an exam-
ple of how this can be done using data and model results from a recent study of changes 
in microbial community structure and biogeochemistry in the Amazon River plume. 

 Microscope counts of phytoplankton abundance in the western tropical North 
Atlantic (Goes et al.  2013 ) reveal patterns of similarity that appear to be related fi rst 
to salinity, and secondly to nutrient concentrations (Fig.  4a ). Environmental covari-
ates have been linearly projected onto the non-dimensional axes to suggest physical 
gradients that could structure the community variability. In this case, salinity and 
nutrients are on the same line, refl ecting their tight correlation along the river plume 
salinity gradient. The opposing axis is not well defi ned by the environmental factors 
shown. Similar patterns emerge from an analysis that uses 16s ribosomal RNA to 
delineate the community structure within bacteria (Fig  4b,  B. Crump, unpublished 
data). This is important because, it suggests that the bacterial community structure 
changes congruently with the phytoplankton community structure. Interestingly, the 
bacterial community structure is more tightly defi ned by salinity class than is the 
eukaryotic phytoplankton structure. Modeled community structure (Stukel et al. 
 2014 ; Fig.  2 ) is much more tightly constrained with less variability than both bacte-
rial and phytoplankton observations, but shows also a community structured by 
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  Fig. 4    All panels show data from June 2010 or model runs from June in the western tropical North 
Atlantic. Points show the site distribution, and they are colored according to their salinity class. (a) 
multidimensional scaling plot based on the microscopically identifi ed plankton community. (b) mul-
tidimensional scaling plot based on pyrosequencing of the 16s ribosomal DNA. (c) multidimensional 
scaling plot based on a three dimensional coupled biological and physical model with 5 autotrophs 
and 2 zooplankton (Stukel et al.  2013 )       
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salinity (Fig.  4c ). There is no direct feedback between model salinity and the model 
ecology, thus we know that salinity is a proxy for other environmental factors in the 
model. Though the model does not explicitly resolve the bacterial community, it is 
interesting that the three analyses reveal similar gradients in community structure as 
the environment varies suggesting a very tight coupling between bacterial and phy-
toplankton community structure.

   We can also learn from the mismatch between models and data. In this case, 
the model representation of diatom–diazotroph symbiosis appears to be too 
tightly linked with phosphorus concentration in contrast to observations. The 
model also appears to span the salinity nutrient axis broadly, but has a limited 
projection onto the second axis suggesting that the model fails to capture enough 
physical or biogeochemical variability. Taken together, these patterns strongly 
suggest that the bacterial community is evolving in response to similar environ-
mental cues as the eukaryotes and larger organisms (e.g. Pommier et al.  2007 ), 
and this further suggests that expression of genes is likely to be tightly coupled 
with environmental variability. These pointers indicate that models may be able 
to capture patterns of gene expression, because they are generally able to simu-
late biogeochemical gradients.  

    Targeting Genes and/or Pathways 

 In many instances, expression of a single gene to code for synthesis of a protein may 
be manifesting one link in a long and complex biochemical chain with many con-
currently expressed gene groups coding for individual transformations. For exam-
ple,  nifH  codes for a subunit of the nitrogenase enzyme, which is just one component 
of the pathway for conversion of N 2  gas to ammonium. It is helpful in connecting 
genomics data to biogeochemical function expressed in a model to consolidate or 
map the genomic information in these pathways in order to reduce the vast amount 
of information to a more manageable level that relates more directly to biogeo-
chemical function. Identifying genes in these pathways for further study was one 
goal of the Microbiological Targets for Ocean Observing Laboratories workshops 
(Participants  2010 ). Care must be taken however to consider potential bottlenecks 
in the biochemical process or dependence on external environmental conditions, 
such as the high iron requirement of the nitrogenase enzyme. The costs and benefi ts 
associated with the marker gene for models must include the full pathway’s envi-
ronmental sensitivity, or rate limitation. 

 One functional group that many biogeochemical models include are diazotrophs, 
or organisms that break the triple bond of dinitrogen gas, to render the nitrogen 
bioavailable (Moore and Doney  2007 ; Coles and Hood  2007 ; Monteiro et al.  2010 ; 
Yoshikawa et al.  2013 ) (see also Fig.  2 ). The expression of characteristic genes like 
 nifH  can illustrate the ubiquity of a process in the ocean, and contribute to model 
representation of that ubiquity. When these genes are observed in transcriptomics 
sampling, they can be directly related to the presence or absence of nitrogen fi xation 

Approaches and Challenges for Linking Marine Biogeochemical Models…



56

in models. Where a number of observations of expression of the nitrogenase genes 
have been conducted over space and/or time, we can begin to estimate the 
 relationship between observed expression and modeled nitrogen fi xation rate and 
the spatial or temporal scales in the model. These targeted uses of gene expression 
already exist (e.g. Luo et al.  2012 ) and have been compared with current generation 
models (Monteiro et al.  2010 ; Yoshikawa et al.  2013 ; Stukel et al.  2014 ). 

 More generally, genetically controlled biochemical transformations can be 
linked to models through understanding how gene expression infl uences cellular 
growth and mortality—the two terms in the equations described above. The house-
keeping metabolic processes that sustain a cell independently of the cellular growth 
or response to external environmental conditions are included through prescription 
of an organism’s respiration or mortality rate. Categorizing cellular processes regu-
lated by gene expression in terms of their benefi ts and costs, while understanding 
the dependence of each on internal (i.e., maximum growth rate or basal respiration) 
versus external (nutrient concentration, light availability, predation) factors is the 
fi rst step to representing them in current generation biogeochemical models. The 
benefi ts of environmentally dependent functions such as expression of genes for 
nutrient transporters or repair of light harvesting proteins will be represented in the 
growth part of the model as a function of the external stimulus, whereas the benefi ts 
of expression of genes regulating motility leading to particle attachment or expres-
sion of genes for chitin synthase leading to regulation of cell buoyancy may be 
growth independent, and more appropriately represented through respiration or 
mortality terms. Costs of these functions must be considered independently, as they 
may have a different regulation. 

 Quantifying the costs and benefi ts to an organism of expression of a gene, lead-
ing to protein synthesis and a biochemical reaction, is a major challenge for marine 
biogeochemical modeling efforts which seek to specify the competitive impacts of 
carrying few versus many metabolic capabilities for exploiting the environment. 
Apparently, there are costs associated with carrying the genes and/or maintaining 
the ability to express a very diverse array of metabolic capabilities, otherwise this 
strategy would be ubiquitous in marine microbes. Indeed, this is an active area of 
research (see review by Giovannoni et al.  2014a ). One approach might be to deter-
mine the free energies of major biochemical transformation pathways, and to relate 
them to housekeeping functions to normalize them to cell growth rate for example. 
This approach was used in a pioneering model study of chemolithoautotrophs and 
the cryptic sulfur cycle in a low oxygen environment that explicitly modeled gene 
copy number as a function of biomass (Reed et al.  2014 ). Apparently, this approach 
of targeting the specifi c energy associated with a chemolithoautotroph-mediated 
reaction is not yet viable for a heterotroph or photoautotroph (Reed et al.  2014 ). 
Nonetheless, it provides tremendous insight and potential for relating modeled gene 
number to observed gene number and perhaps ultimately to gene transcription and 
protein expression. Even knowing the costs of biochemical pathways relative to 
each other would be a step forward to estimating the costs and benefi ts of carrying 
the genes and cellular machinery to complete a biochemical transformation. 
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 Other methods for estimating the cost–benefi t tradeoffs for gene expression 
might include culture studies. One approach is to eliminate specifi c genes, and 
then identify the infl uence of this elimination on growth rate. Other approaches 
could involve culture manipulations that infl uence growth rate and for which tran-
scription responses can be measured (e.g., You et al.  2013 ). While these approaches 
are limited to single, culturable organisms, they may provide direct evidence of 
the gene impact for a given environmental regime that is directly relatable to a 
model parameter—growth rate. Alternative approaches might consider meso-
cosms—simplifi ed physical environments in which mixed community response to 
external stimulus may be determined in the context of gene expression. Data 
assimilation techniques could then be used to estimate quantitatively the optimal 
model parameters for matching the observations (e.g., Vallino  2000 ). Such an 
approach could be used to estimate cost–benefi t tradeoffs for numerical models 
that include gene expression explicitly. 

 A pragmatic approach to estimating cost–benefi t tradeoffs is simply to estimate 
cost and benefi t parameters, then run the model and compare the resulting spatial 
and temporal patterns with observations. The cost–benefi t tradeoffs are then altered 
and the process is iterated forward. As genomics measurements become more 
widely distributed in space and time, this approach could be formalized in an inverse 
approach to the problem of cost–benefi t estimation that can then be tested in culture 
or mesocosm studies.   

    Near-Term Innovation 

 More effectively bridging the gap between genomics and models may require 
new modeling approaches (Hood et al.  2007 ). These include increasing the com-
plexity and fl exibility of existing model systems to represent an increasing num-
ber of possible biochemical transformations. For example, Flynn et al. ( 1997 ) 
developed a biogeochemical model that explicitly simulates intracellular bio-
chemical reactions related to nutrient transport and assimilation. This type of 
model therefore provides a much more detailed representation of the intracellular 
pathways and dynamics within phytoplankton cells that can be directly related to 
genomic and, particularly, transcriptomic data (e.g., explicit induction or repres-
sion of the synthesis of enzymes). These types of interactions are computation-
ally expensive to specify, however, so this approach may be more appropriate in 
an individual-based framework. These complex models have not yet been tested 
in three-dimensional systems. 

 A logical extension of this idea is to attempt to simulate all of the biochemical 
reactions and the attendant up- and down-regulation of DNA transcription and 
translation that controls the synthesis of proteins within the cells of microbes, i.e., 
construct fully functional cellular genetic models. Indeed, a huge amount of research 
and model development has already been carried out along these lines (e.g., Karr 
et al.  2012 ). In theory, scaling this approach up using three-dimensional individual- 
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based modeling approaches would allow direct, quantitative comparisons between 
model simulations and genomic, transcriptomic, and proteomic data because these 
measured quantities would all be explicitly simulated in (presumably) billions of 
virtual cells. In practice, however, it is likely that computational limitations will 
make large-scale simulations along these lines unfeasible for the foreseeable future. 
Moreover, our current understanding of the biochemical reactions and their genetic 
regulation in marine microbes is limited. Indeed, it is not clear that we have enough 
information to attempt such a simulation for even one marine microbial species, 
much less the vast diversity of microorganisms in the sea. 

 An empirical approach based on environmental envelope modeling has been 
applied by Larsen et al. ( 2012 ). Using neural networks, they statistically relate 
microbial communities based on observations of the metagenome to environmental 
factors that covary with the communities. Assuming that they have measured all the 
relevant parameters, and that the relationships do not vary in time, they can predict 
community metagenome based on predictions of the environment. This approach 
allows direct comparison with genomic data and has the benefi t of being computa-
tionally feasible. Careful inspection of the environmental relationships that emerge 
from the neural network can lead to insights about the factors regulating the com-
munity structure, and could feed into more mechanistic model efforts. 

 A different approach pioneered by Follows et al .  ( 2007 ) involves initializing 
circulation models with a large number of autotrophic organisms with semi-random 
model parameter assignments based on predetermined bounds and using known 
cost–benefi t tradeoffs to relate the various parameter choices. This model and fol-
low on versions (e.g., Goebel et al.  2010 ; Ward et al.  2013 ) have succeeded in gen-
erating an emergent phytoplankton community structure and biogeography 
consistent with observed global phytoplankton distributions. Such models may 
potentially be used to generate signifi cantly greater microbial species diversity in 
simulated marine environments compared to more traditional model formulations 
that set species diversity a priori. 

 Recently, we have developed a model inspired by this self-organizing approach 
(Coles et al.  2016 ) that explicitly encodes metabolic functionality through the 
random assignment of functional genes to a large ensemble of organisms. The 
model generates: realistic communities of organisms with size structure similar 
to observations, gene abundance based on a single gene per cell, and spatial gra-
dients in transcription throughout the subtropical and tropical Atlantic. The fun-
damental horizontal and vertical nutrient gradients in the Atlantic are realized 
regardless of the specifi c emergent community suggesting that metabolic diver-
sity rather than taxonomic diversity structures the primary biogeochemical gra-
dients in the ocean. Comparison of modeled gene abundances and transcription 
with observations remains challenging because of the diffi culty in synthesizing 
and curating information on genes that encode for a step in a specifi cv process 
such as nitrate assimilation, and because transcription rates in the model are 
more directly related to biogeochemical transformations than may be observed in 
the marine environment. However, spatial patterns in gene abundance and tran-
scription are similar between the model and observations suggesting that this 
approach has some predictive power. 
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 Alternatively, more traditional modeling approaches can also be used to 
increase microbial diversity. For example, the plankTOM5 model incorporates 32 
state  variables, three phytoplankton functional types, two zooplankton function 
types, and a wide range of biogeochemical specialization including production of 
climatically active sulfur compounds, calcifi cation, and ballasted export (Vogt 
et al.  2010 ). These approaches do not, however, provide a means to make direct 
comparisons between models and genomics data. In order to do this, one must 
explicitly incorporate metabolic, physiological, or behavioral capabilities into 
models that are linked to the presence or absence of specifi c genes. However, 
models with increased microbial diversity can facilitate indirect comparison with 
omics data if they provide predictions of species or functional groups that can be 
validated with genomics data. 

 An important caveat here is that these approaches lead directly to the challenge 
of dealing with increasingly complex models (Hood et al.  2006 ,  2007 ; Hood and 
Christian  2008 ). The trend toward building increasingly complex three-dimensional 
coupled biogeochemical–physical models presents computational challenges 
because each new state variable has to be numerically advected and diffused in 
three dimensions. Moore’s law (or computer science) will provide a solution to this 
problem only if the rate of increase in computing power is greater than the rate of 
increase of model complexity and computational demand. Moreover, more complex 
models must be properly constrained with data, i.e., if they have too many degrees 
of freedom, then they can be tuned to fi t noise in the data, which will result in 
reduced predictive skill (Hood et al.  2007 ). The implication is that continuing to add 
new organisms and metabolic processes that are discovered through microbiologi-
cal and genomic studies to models may not be useful unless validation data relevant 
to these processes (e.g., time-series or spatial data) can also be obtained. Perhaps the 
avalanche of genomic information that is driving the need for increased model com-
plexity will ultimately provide the solution to this dilemma through enabling new 
methods to effectively assimilate information into biogeochemical models.  

    Conclusions 

 In this chapter, we argue that a scientifi c divide has emerged between the marine 
biogeochemical modeling and genomics research communities that has impeded 
the utilization of genomics data in the development and validation of large-scale, 
three-dimensional, coupled physical–biogeochemical models. In order to close this 
divide we fi rst need to bridge the communication gap that has emerged between the 
marine biogeochemical modeling and genomics research communities that prevents 
meaningful scientifi c exchange and collaboration. However, penetrating the jargon 
is only the fi rst hurdle. There is also a mismatch between modeling efforts, which 
have targeted mostly eukaryotic phytoplankton and zooplankton, and genomics 
efforts, which have been more focused on prokaryotic organisms. More investiga-
tions where prokaryote and eukaryote genomics are measured in tandem with 
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conventional rate measurements should be motivated, and model development 
efforts should place more emphasis on prokaryotic organisms. 

 Differences in the formats for presenting data and results also create obstacles 
to effective communication between the biogeochemical modeling and genomics 
research communities. Techniques as simple as using the same plotting methods 
that allow us to directly compare models with genomic data can help bridge this 
gap and reveal new insights into errors in model structure as well as misinterpreta-
tions of genomic data. New modeling approaches that allow representation of 
increased microbial diversity and/or cellular physiology and metabolism have 
also emerged in recent years that are facilitating indirect comparisons between 
models and genomics. These new approaches do not yet, however, provide a 
means to make direct comparisons between models and genomics data (with the 
exception of Reed et al.  2014 ). In order to do this, one must explicitly incorporate 
metabolic, physiological, or behavioral capabilities into models that are linked to 
the presence or absence of specifi c genes. 

 An important caveat here is that these approaches lead directly to the challenge 
of dealing with increasingly complex models, which creates both computational 
and validation challenges. Hopefully, Moore’s law (or computer science) will solve 
the computational problem. We are also optimistic that the avalanche of genomics 
data that is motivating the development of increasingly complex models will, ulti-
mately, provide enough data on species and metabolic diversity and variability to 
constrain the complex models that they spawned.     
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      Out of Africa and into Stoichiometry                     
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       The development of ideas that led to what is now known as the concept of ecologi-
cal stoichiometry (Sterner and Elser  2002 ) began for us in Africa with Peter 
Kilham’s dissertation on water chemistry of lakes and rivers related to the geology 
of East and Central Africa (Kilham  1971a ). His ultimate intention was to relate 
water chemistry of lakes to changes in diatom assemblages in long sediment cores 
from lakes to better understand aspects of climate change in the Pleistocene of 
Africa, but very little was then known about species-specifi c diatom requirements 
for chemical constituents. He noticed that core sections that had sponge spicules 
had quite different diatom assemblages than did sections without spicules. He rea-
soned that this was likely the result of differences in silica concentrations. A search 
of the literature for data relating silica concentrations to diatoms resulted in the 
hypothesis paper about silica and planktonic diatoms (Kilham  1971b ). This was the 
beginning of the melding of microbial ecology to biogeochemistry. 

 To test the silica hypothesis it was necessary to establish a culture collection of 
freshwater diatoms and this is where our separate talents merged in a scientifi cally 
productive way. A freshwater algal culture collection was established and a set of 
inexpensive but effective methods for assessing the resource physiology of algal spe-
cies was developed (Kilham  1978 ). Tilman joined our lab as a graduate student. Our 
aim was to study algal nutrient physiology and explore competitive interactions 
among species to sort out their species-specifi c resource requirements. Tilman con-
centrated on phosphorus-limited diatoms and I on silica-limited diatoms (Kilham 
 1975 ; Tilman and Kilham  1976 ). This set us up for one of those rare “eureka 
moments.” Tilman and I noticed that  Asterionella formosa  had different colony 
morphologies under Si (more than 8 cells/colony) and P limitation (fewer than 8 
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cells/colony; Titman et al.  1976 ). We discussed with Peter the conditions under 
which these changes happened. Peter’s training as a biogeochemist led him to 
 naturally think in ratios and we all suddenly realized that it was the ratio of Si:P that 
was important and not the concentrations per se.  Asterionella  had fewer cells/colony 
above a Si:P ratio of ca. 80:1 and more cells/colony below that ratio. This species 
had an “optimum” ratio at which it used Si and P for growth. We also observed that 
 Cyclotella meneghiniana  had a very different optimal Si:P ratio of ca. 6:1. This was 
the fi rst clue that different diatom species had unique resource ratio signatures. 
Tilman redesigned his competition experiments and developed equations to explain 
the resource ratio theory (Titman  1976 ; Tilman  1977 ). Thus, stoichiometry became 
a byword in our laboratory. This eventually led to a review paper (Tilman et al.  1982 ) 
and a book Tilman  1982 ) and 20 years later to a book on ecological stoichiometry 
co-authored by one of Tilman’s students, Robert Sterner (Sterner and Elser  2002 ). 

 The nutrient requirements of other phytoplankton species were characterized, 
especially diatoms (Mechling and Kilham  1982 ; van Donk and Kilham  1990 ; 
Kilham et al.  1997a ,  b ; Lynn et al.  2000 ). It was remarkable how distinct species 
actually were in their nutrient requirements, sometimes by orders of magnitude. 
Natural phytoplankton communities were used to test resource ratio theory which 
demonstrated that species assorted themselves in predictable ways along ratio gra-
dients based on their individual physiological requirements (Kilham and Kilham 
 1978 ; Sommer and Kilham  1985 ; Kilham  1986 ; Tilman et al.  1986 ). These ideas 
were extended in a more general ecological framework in a review paper on the 
evolutionary ecology of phytoplankton (Kilham and Kilham  1980 ). Work also con-
tinued on relating diatom communities to water chemistry in African lakes (Hecky 
and Kilham  1973 ; Gasse et al.  1983 ; Kilham et al.  1986 ; Kilham  1990a ). A pair of 
papers reviewed differences in marine and freshwater phytoplankton ecology and 
nutrient requirements (Kilham and Hecky  1988 ; Hecky and Kilham  1988 ). 

 Kilham summarized the geochemical mechanisms controlling the chemistry of 
lakes and rivers in Africa (Kilham  1990b ). He demonstrated that the water chemis-
try of African lakes and rivers was driven by the processes of atmospheric precipita-
tion (Fig.  1 , lower right), rock weathering (central area), and evaporation/mineral 
precipitation (upper right). All of the outlier points were unusual springs in unique 
geochemical formations.

   Together, we explored ideas about how limnological processes are fundamen-
tally different in tropical and temperate lakes (Kilham and Kilham  1990a ,  b ) and 
developed a set of hypotheses. In the “endless summer” paper (Kilham and Kilham 
 1990a   ), we concluded that internal regeneration rates were greater than removal 
rates for phosphorus in tropical lakes as compared to temperate lakes, especially 
in larger lakes where epilimnetic mixing exceeded 50 m. Biological control of the 
elemental cycles dominates in tropical lakes year round, whereas nutrient cycles 
in temperate lakes are dominated by physical processes for a large part of the year 
which results in differences in the fundamental mechanisms of nutrient regenera-
tion and their relationships to morphometric features of lakes in the two regions. 
In the “fi rst law of limnology” paper (Kilham and Kilham  1990  b ), we questioned 
the limnological paradigm that small lakes are more productive than large lakes. 
Fee (p.414,  1979 ) called this “one of the oldest biological ‘laws’ of limnology.” In 
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  Fig. 1    Geochemical processes controlling water chemistry in African lakes and rivers (Fig. 1 in 
Kilham  1990  b ). Variation of the weight ratio of Na+/(Na+ = Ca 2+ ) as a function of the total dissolved 
salts of African surface waters. Reproduced with permission of Limnology and Oceanography       
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Africa it is the smaller, shallower lakes that appear to be the most P-limited 
(Kilham et al.  1986 ). We hypothesized that there should be a positive relationship 
between the depth of the mixed layer and phosphorus regeneration rates which 
should result in larger, deeper lakes with deep mixed layers having lower Si:P 
ratios than smaller, shallower lakes in Africa (and probably other tropical regions). 
Available data for Africa showed that the Si:P ratio decreased with increasing lake 
area and we concluded that in-lake rather than catchment processes were likely to 
regulate Si and P loading rates to the epilimnia of tropical lakes. Annual primary 
productivity of African freshwater lakes seemed to be unaffected by lake size 
which is in direct contrast to temperate lake relationships where productivity 
decreases with lake size (Fee  1979 ). A series of hypotheses to explain some of the 
drivers for the dramatic changes in the limnology of Lake Victoria in recent 
decades was proposed. These hypotheses were part of what Peter was exploring 
during his trip to Lake Victoria in 1989 when he died. 

 Dual perspectives expanded. A move to Philadelphia allowed reconnections with 
colleagues at the Academy of Natural Sciences of Philadelphia (ANSP; now part of 
Drexel University since 2011). We explored how the elemental and biochemical 
composition of algae affected the growth and reproduction of zooplankton herbi-
vores (Kilham et al.  1997a ,  b ). We were especially inspired by the work of Sterner 
(see examples in Sterner and Elser  2002 ). We investigated if stoichiometric control 
of community structure went up the food chain. In the process of doing these experi-
ments a new freshwater culture medium, COMBO, was developed that was very 
good for growing both algae and zooplankton and is now widely used among fresh-
water plankton biologists (Kilham et al.  1998 ). 

 Theriot at ANSP was doing interesting work in the Greater Yellowstone 
Ecosystem (GYE) on diatoms, especially a diatom speciation event that occurred in 
the Holocene (Theriot et al.  2006 ). The question was could resource ratio theory 
help to explain changes in the 13,000-year-old sediment core from Yellowstone 
Lake that might underlie this speciation event and other changes in the diatom 
assemblages. Examining various available data sets on diatoms and water chemistry 
over the past decades in that region made it clear that there were broader questions 
that could be asked based on resource ratio theory and diatoms that could be linked 
to climate change (Kilham et al.  1996 ). These ideas were tested with the able assis-
tance of Interlandi, and what was found was fascinating. A very fi ne-scale sampling 
scheme was established sampling three large lakes in the GYE every week of the 
growing season from just prior to ice-out in late May until early September over 
several years. Samples were taken every 5 m from the surface to 50 m (or less in the 
more shallow lakes). This resulted in over 250 unique phytoplankton communities 
and resource chemistry for the four potentially limiting resources: silica, phospho-
rus, nitrate, and light. The resource ratios proved to be surprisingly complex and 
variable (Fig.  2 ; Interlandi et al.  1999 ) helping to explain the so-called paradox of 
the plankton. The common diatom species that were at some time greater than 5 % 
by biovolume of the total abundance (eight species) were ranked along the various 
resource ratio gradients and it became clear that diatom community structure could 
be largely explained by each species’ unique 4D resource signature. The point of 
maximum abundance of any one species never overlapped that of any other species 
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during the growing season, supporting resource niche theory. These conclusions 
were supported by physiology experiments (Kilham and Taylor  2002 ) and bioassay 
experiments (Kilham and Interlandi  2005 ) of diatom species isolated from lakes in 
the GYE. One of those observations was that the endemic species  Stephanodiscus 
yellowstonensis  had a much lower requirement for N for growth than did the more 
widespread species from which it evolved,  Stephanodiscus niagarae . The  speciation 
event was perhaps infl uenced by changes in the nutrient cycling of N and P in 
Yellowstone Lake as it developed during the Holocene.
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  Fig. 2    Elemental particulate (phytoplankton) molar ratios versus depth and time of year of C:N, 
C:P, C:Si, and N:P in three Yellowstone lakes (Fig. 5 in Interlandi et al.  1999 ). Reproduced with 
permission of Limnology and Oceanography       
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   One of the classic paradigms in ecology was also tested, namely does species 
diversity increase with the number of limiting resources (Interlandi and Kilham 
 2001 ). The potentially limiting concentrations were defi ned for each of the four 
resources (Si, P, N, and light) using two independent methods which were in remark-
able agreement. This made it possible to defi ne how many resources were limiting 
for each unique phytoplankton sample. The species diversity of each sample was 
calculated and compared to the number of limiting resources for that sample. The 
result was astonishing—a linear relationship with an  r  2  of 0.996 (Fig.  3 ).

   Implications about the impact of climate change on the GYE were also 
explored (Interlandi and Kilham  1998 , Interlandi et al.  2003 ). Nitrogen loading 
to largely N-limited Yellowstone Lake is dominated by the spring melt of the 
accumulated snow pack. In El Niño years the snow pack is signifi cantly 
decreased and in La Niña years it is increased compared to the long-term mean. 
This variability changes all the resource ratios with respect to N and the diatom 
species composition changes in a predictable manner. It is amazing that climate 
events in the southern Pacifi c Ocean affect the species composition and primary 
productivity of Yellowstone Lake in Wyoming. 

 Collaborations go well largely because of separate though compatible perspec-
tives. Wonderful mentors, colleagues, and graduate students inspire with their new 
perspectives. We each separately and together made signifi cant contributions bring-
ing microbial ecology and biogeochemistry together into what is now the richly 
expanding fi eld of ecological stoichiometry.    
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  Fig. 3    The relationship between Simpson’s diversity for phytoplankton species and the number of 
limiting resources in three Yellowstone lakes (Fig. 6 in Interlandi and Kilham  2001 ). Reproduced 
with permission of Ecology       
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    Susan S. Kilham and Peter Kilham 

 Susan K. Soltau and Peter Kilham met in 1965 when they were graduate students at 
Duke University. They married in 1967. Susan did her undergraduate work at 
Eckerd College where her mentor was George K. Reid. Growing up in Florida was 
an important infl uence on her choice of marine science as a major interest. She went 
to Duke University for doctoral studies where she was an NSF Oceanographic 
Trainee and worked on calcifi cation of deep sea bivalve mollusks under Orrin 
Pilkey. Peter did his undergraduate studies at Dartmouth College where his mentor 
was Gene Likens. Growing up in a family of naturalists and his experience as a 
teenager in Uganda greatly infl uenced his career choices. Peter worked with Daniel 
Livingstone at Duke. Susan and Peter both went to Woods Hole Oceanographic 
Institution for postdoctoral work where both were mentored by Robert R.L. Guillard. 
They both went to the University of Michigan in 1972. Establishing dual careers at 
UM was a challenge, especially for Susan who had more than a few unfortunate 
experiences with sexism. We were both fortunate to have wonderful graduate stu-
dents, our fi rst one being David Tilman. Highlights of those years were sabbaticals, 
especially the year in Germany in 1987–1988. Peter died on a research trip to Lake 
Victoria on March 20, 1989, in Kisumu, Kenya, of a ruptured ulcer he did not even 
know he had. He was only 45 years old. Susan moved to Drexel University in 1991 
where she continues as a Professor of Environmental Science. In recent years she 
has expanded her horizons in work on tropical stream ecosystems. Both of us were 
abundantly blessed with wonderful mentors, colleagues, and students.   
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of Planktonic Predation                     

     Aditee     Mitra      and     Kevin     J.     Flynn   

         Introduction 

 Understanding the dynamics of predator–prey systems is central to ecology. Traditional 
marine ecosystem models were based entirely on a single nutrient (typically nitrogen, 
N; Fasham et al.  1990 ). Such models assumed no effect on predation caused by 
changes in food quality – indeed, they assumed no changes in quality as they assumed 
a fi xed C:N:P ratio in accordance with the Redfi eld ratio (Redfi eld  1958 ). In nature, 
C:N:P stoichiometry is anything but fi xed, especially in primary producers (Geider 
and La Roche  2002 ). Sterner and Elser’s book on ecological stoichiometry (Sterner 
and Elser  2002 ) served to highlight, for many in the scientifi c community (notably 
non-modellers), the importance of the differences in stoichiometry between different 
organisms for ecology. In reality ‘ecological stoichiometry’ is a direct and inescapable 
consequence of the non-conservative nature of C:N:P between organisms. Indeed, 
anyone who attempts to make and use multi- nutrient, variable stoichiometric compu-
tational descriptions of ecology cannot fail to realise the importance of variable C:N:P 
for the differential fl ow of elements through food webs. 

 The application of intraspecifi c variable elemental stoichiometry in its simplest 
form has broadly linear consequences for trophic dynamics. For example, under N 
limitation, the quality of the phototrophic prey deteriorates (e.g., organism N:C halves). 
Under these conditions, the predator no longer has to release such an excess of ingested 
N to match respired C in comparison with feeding on a N replete food item. Hence the 
predator retains a proportionately higher amount of the ingested prey-N. The important 
knock-on consequence is that less N is regenerated to support the next generations of 
phototrophs, and so the next cycle of food for the consumers is of even lower quality 
with respect to N content. This is a positive feedback loop, with potential for the estab-
lishment of a persistent, poorly consumed, phototrophic biomass. 
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 The situation with P-limitation differs from that for N in two important ways. 
Firstly, P can be readily accumulated to vast excess in many microbes (as polyphos-
phate), thus acting as a cushion against the absence of external nutrient-P. In con-
trast, an excess of inorganic N as ammonia/ammonium is toxic and thus cannot be 
accumulated to any signifi cant extent; any accumulated inorganic N can only sup-
port a fraction of a generation while polyphosphate accumulations can support 
many generations of growth (Rhee  1973 ; Watanabe et al.  1987 ). Secondly, the rela-
tionship between cellular P:C and growth rate is curvilinear so that once P-stress 
develops it takes several generations before phytoplankton growth rate declines 
signifi cantly (Flynn  2008a ). In contrast, the relationship between N:C and phyto-
plankton growth rate is essentially linear, and growth declines very rapidly in the 
absence of incoming N (Flynn  2008a ). These differences between N and P have 
important implications for the aforementioned positive feedback loop in stoichio-
metric ecology, because P-stress has a greater scope for impact on consumers than 
on primary producers. And that is so before we consider the topics of noxious 
metabolite production by phototrophs, and the consequential de-selection of unpal-
atable prey by predators. 

 The implications of variable stoichiometry for understanding ecological pro-
cesses, for designing experimental work, and for modelling are, therefore, clear. It 
is not suffi cient to consider just N:C or P:C; all three elements are required by 
organisms and we ignore that at our peril. Indeed, depending on the applications, Si, 
and perhaps Fe, also need to be considered. The reason for the need for C:N:P rests 
upon the requirement to properly account for the fate of the non- or lesser-limiting 
nutrient (Flynn  2005 ). In addition to the variability in stoichiometry between preda-
tor and prey, it is noteworthy that the variability within a particular organism can 
also differ signifi cantly. The typical assumption is that predators and bacteria have 
a fi xed stoichiometric ratio. However, while variability in stoichiometry is greatest 
in phototrophs, there is also a need to appreciate that C:N:P is not constant in the 
predators or in bacteria (Mitra and Flynn  2007 ; Polimene et al.  2015 ). However, in 
the past there has been something of an obsessive assumption of fi xed Redfi eld 
ratios within marine foodweb models, which has in turn resulted in resistance to the 
incorporation of multi-element variable stoichiometric models (Flynn  2010 ). 

 Our contribution to the issue of stoichiometrics in trophic dynamics developed 
from 2005 (Mitra and Flynn  2005 ), based on observations that simple C:N:P ‘eco-
logical stoichiometry’ is insuffi cient to account for observed changes in predator–
prey interactions. There are several interesting lines of thought that has basis in our 
original observations; these we explore below.  

    Characterising the Predator–Prey Stoichiometric Link 

 When a consumer is presented with (encounters) food of suboptimal quality, there 
are three potential consequences (Fig.  1 ; Mitra et al.  2007 ). Feeding rates could 
remain as they are, and the stoichiometric consequences are passed on directly to 
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the consumer; to explain crudely, if prey quality halves so predator growth halves. 
This is the outcome of simple ‘ecological stoichiometry’. Alternately, feeding could 
be enhanced; the halving in prey quality could be countered by a doubling in prey 
consumption, thus maintaining immediate consumer growth, although the prey 
population is now diminished rapidly. The third option is that the consumption of 
the prey decreases due to de-selection, perhaps with feeding switched to an alterna-
tive food type which was formally of lower preference but is now of higher relative 
quality. We termed these alternatives as, respectively, zero, positive and negative 
stoichiometric modulation of predation (SMP; Fig.  1 ; Mitra and Flynn  2005 ).

   The consequences of the third option, negative (−ve) SMP, are particularly pro-
found for ecology for they lead to the potential development of an ungrazed, and 
ultimately ungrazable, population of phototrophic (or perhaps mixotrophic) prey. 
This occurs because, in the absence of grazing there is little effective recycling of 
the limiting nutrient, and hence the phototrophic prey become increasingly unpalat-
able. This event we proposed (Mitra and Flynn  2006b ; Fig.  2 ) provides a mecha-
nism for the formation of harmful algal blooms (HABs). More appropriately 
(escaping the often anthropocentric meaning of HABs), these blooms that form 
through a disruption of what may be considered as normal predator–prey activity 
would be better termed ecosystem disruptive algal blooms (EDABs). The term 
EDAB was coined by Sunda et al. ( 2006 ), but its meaning and importance becomes 
all the more apparent when placed in the context of −ve SMP.

   The elucidation and modelling description of this mechanism of SMP required 
not only the use of multi-nutrient variable stoichiometric models of prey and preda-
tor (Mitra  2006 ), but the development of an alternative description of grazing kinet-
ics and thence of prey selectivity. Prey selection is a common feature of predator 
behaviour, and yet traditional descriptions of grazing cannot describe de-selection 
or prey-switching (Mitra and Flynn  2006a ). It was not possible to describe the 
dynamics of predator–prey interactions in multi-species scenarios without inclusion 
of these prey switching functions, which were linked to prey stoichiometry in a 
strongly nonlinear fashion (Mitra and Flynn  2006a ,  b ). The implication is that 
chemicals that adversely affect palatability to consumers can rapidly accumulate in 
phototrophs during the onset of nutrient stress. Ecological stoichiometry, as typi-
cally described linked to elements (Sterner and Elser  2002 ), is insuffi cient (Mitra 
and Flynn  2005 ). 

 Models of trophic dynamics are not only sensitive to stoichiometry, but they are 
extremely sensitive to other factors affecting the kinetics of grazing and of digestion 
(Jones and Flynn  2005 ; Mitra et al.  2014a ). Assimilation effi ciency (AE) is notable 
in this context. Current ecosystem models do not typically consider variable AE at 
all; in those that do, the link to AE is to quantity (via changes in gut transit time; 
Mitra and Flynn  2007 ) rather than to quality per se (that response being associated 
primarily with de-selection of the poor prey type; Mitra and Flynn  2006a ). It is well 
known that AE varies with the quality and also with the quantity of material ingested 
(e.g., Tirelli and Mayzaud  2005 ). We hypothesised how the relationship may work 
with simultaneous variations in quality and quantity (Mitra and Flynn  2007 ). Such 
variation in AE is important because, typically in nature, high quantities of food 
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  Fig. 1    Effects of prey quality on predator growth through neutral (0), negative (−ve) or positive 
(+ve) stoichiometric modulation of predation (SMP) acting at ingestion and/or assimilation. ( i ) 
Neutral stoichiometric modulation of predation (SMP) for ingestion and assimilation (0 SMP Ing  
and 0 SMP AE , respectively), with no modifi cation of the ingestion behaviour or assimilation effi -
ciency for the limiting nutrient (nitrogen; AE N ) in response to the presence of poor-quality prey. 
( ii ) +ve SMP Ing  with 0 SMP AE ; ingestion of prey C is increased. ( iii ) 0 SMP Ing  with +ve SMP AE ; AE N  
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  Fig. 2    Suggested route for the generation of an ecosystem disruptive algal bloom (EDAB) associ-
ated with negative stoichiometric modulation of predation (SMP; see Fig.  1 ). Two phytoplankton 
groups, of which P2 has a higher growth rate potential than does P1, consume nutrient (N) and are 
grazed by zooplankton (Z). Z regenerates nutrient, and is subject to intraguild cannibalism. At the 
start ( i ) there is an excess of N which supports phytoplankton growth; P2 grows faster. Both P1 and 
P2 are grazed upon by Z, whose population also increases. By stage ( ii ), most of N is consumed, 
and population P2 is dominant. Both P1 and P2 become nutrient stressed, and Z becomes subject 
to SMP. By stage ( iii ), however, the nutrient stress induced upon P1 has resulted in that species 
becoming unpalatable. Now Z graze only P2 and itself (cannibalism); there is a gradual transfer of 
nutrient into the ungrazed P1. The eventual state ( iv ) is thus a large ungrazed, and ungrazable, 
bloom of P1. Shown here, but not in the original (Mitra and Flynn  2006b ), is a role of light; suffi -
cient illumination both at the surface and penetrating the water column (a function of mixing depth 
and biomass density) is important for the deterioration of phytoplankton nutrient status       

Fig. 1 (continued) is enhanced to a maximum of 100%, so initially maintaining N assimilation. 
( iv ) −ve SMP Ing  with 0 SMP AE ; C ingestion decreases, decreasing N ingestion further. ( v ) 0 SMP Ing  
with −ve SMP AE ; as panel ( i ) but now with AE N  decreasing. ( vi ) +ve SMP Ing  with −ve SMP AE ; as 
panel ( ii ) but now with AE N  decreasing. The original confi guration of NPZ-type models for phyto-
plankton predation (which considers only N-biomass but describes N-deprivation and hence 
implicitly a decline in phytoplankton quality) accords with the pattern in panel ( ii ).  Y -axis units are 
indicative of relative change with food quality only       
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may also be associated with low quality. An example scenario is the end phase of 
primary production where the algal blooms are nutrient-limited and of thus of poor 
quality. Critically, however, this deterioration in quality is signifi ed not so much by 
poor growth rates per se, but by unbalanced stoichiometry. This situation is in con-
trast to instances where growth slows under light limitation, which does not typi-
cally produce poor quality prey (Urabe et al.  2002 ); the same growth rate under 
nutrient limitation is associated with poor stoichiometric quality. There is an inter-
esting couple here – at the peak of bloom development self-shading increasingly 
comes into play, and thence growth could ultimately be co-limited by light and 
nutrient exhaustion. The balance of changes in AE for C, N and P into a zooplankton 
grazer during these events are affected by whether the predator continues to con-
sume the prey in question, or whether alternative prey are consumed simultaneously 
or as a replacement. What is not at all clear is how the ingestion of material of dif-
ferent types (i.e., good plus not so-good) affects the overall AE. 

 It must be stressed that a low AE does not necessarily adversely affect con-
sumer growth. On the contrary, it may simply refl ect an excess of food availability 
and thus the cost–benefi t advantage to the consumer in only rapidly extracting the 
most readily digested components from a good supply of food, rather than expend-
ing effort in more fully digesting it. For the ecosystem, however, the difference is 
stark. There are signifi cant changes in the per-capita consumption of prey, of the 
conversion to predator biomass, and of the production of voided debris (faeces) 
versus regeneration of nutrients. The consequential density-dependent ineffi ciency 
of the trophic system is predicted to moderate the infl uence of spikes in food avail-
ability (Mitra and Flynn  2007 ; Flynn  2009a ). If the quality of components of feed 
had an additional impact upon AE then similar consequences could develop.  

    Elemental Stoichiometry and Commercial Microalgal 
Production 

 In the context of commercial microalgal culture, this whole predator–prey system 
takes on another perspective (Smith and McBride  2015 ). In microalgal crop produc-
tion, the control of zooplanktonic pests is vital. Here, an understanding of the 
dynamics of EDAB development under nutrient limitation developing through –ve 
SMP (Fig.  2 ) is useful. 

 In production of biofuels from fatty acids of microalgae, nutrient exhaustion is 
required (Kenny and Flynn  2015 ); the balance of high crop production (per unit of 
area and of volume) together with nutrient exhaustion requires algal growth in sys-
tems that are optically shallow. Further, for commercial production of biofuels, a 
minor level of P-stress appears useful (Mayers et al.  2014 ) as it saves a valuable 
resource (P-fertiliser), does not signifi cantly affect fatty acid synthesis, and yet is 
predicted to decrease palatability to a predator. 

 As noted in the Introduction, the linkage between N and light physiology is sim-
ple and broadly linear, while that involving P is quite different. Once the nutrient 
N:P ratio approaches and exceeds 64, and assuming light is not limiting and all 

A. Mitra and K.J. Flynn



83

nutrients are consumed (which is a function of N-supply, as well as optical depth 
and surface irradiance) then P-stress proper develops. This not only adversely 
affects fatty acid synthesis (and hence, perhaps, biofuels production) but on simple 
stoichiometric grounds predator–prey interactions will likely be severely compro-
mised. Moreover, such levels of P-stress are also allied to the production of toxic 
secondary metabolites in some species (Granéli and Flynn  2006 ) that will have 
additional quality-related consequences limiting grazer activity. 

 From the above we can see that there is a critical window of opportunity for 
zooplanktonic pests in commercial microalgal cultivation, and that window relates 
to nutrient suffi ciency rendering the crop as good quality, palatable, feed. There is 
another important facet to this topic though, and that is the development of geneti-
cally modifi ed (GM) microalgae to enhance either the products for commercial 
exploitation (e.g., biofuels) or to directly make them pest-resistant. We explored this 
topic using models (Flynn et al.  2013b ) and raised the spectre of the escape of fast 
growing, inedible GM microalgae into the wild; these would represent harmful 
algal bloom organisms par excellence.  

    Effects of Temperature, Ocean Acidifi cation 
and Nutrient Excess 

 Changes in elemental (C:N:P) stoichiometry are not the same as biochemical (e.g., 
C:fatty acid) stoichiometry; while elements must be conserved within a system, 
biochemicals need not be, and typically they are not conserved except for com-
pounds such as essential fatty acids. Minor changes in elemental stoichiometry may 
hide signifi cant changes in biochemistry, some of which may have profound impacts 
on trophic dynamics. This was the basis of our original paper on ecological stoichi-
ometry (Mitra and Flynn  2005 ) – that trophic interactions need not, indeed more 
often would not, relate in a linear fashion to elemental stoichiometry (likely explain-
ing Jones and Flynn  2005 ). 

 Under anthropogenically driven climate change three factors of direct conse-
quence to stoichiometry are of importance for marine plankton: increasing tempera-
ture, ocean acidifi cation (OA) and changes in nutrient supply. These three factors 
inter-relate in various ways. Temperature and ocean acidifi cation are directly associ-
ated with increased atmospheric levels of CO 2 . Increased temperature increases 
water-column stability limiting nutrient exchange between photic and sub-photic 
zones (Doney et al.  2009 ). It also affects weather systems that alter rainfall patterns 
over land affecting agriculture and other aspects of human population growth and 
activity that in turn affect nutrient supply (concentrations and ratios) to coastal waters 
(Glibert et al.  2011 ). Within biological systems, temperature affects organism growth, 
and especially in predators affects processes fundamental to trophic dynamics that 
will not be altered pro rata; a notable example of the latter is variation in AE which 
is a function of processes outside of the direct sphere of infl uence of temperature on 
the predator (i.e., quality and quantity of prey). OA affects plankton in different 
ways, varying with size (affecting proximal pH gradients), activity, and differentially 
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affecting succession through impacts of H +  or CO 2  (Flynn et al.  2012 ,  2015 ). For 
phototrophs, the increase in dissolved CO 2  (with the increase in dissolved inorganic 
C, DIC, and also changes in DIC dissociation that raises the proportion of DIC as 
CO 2 (aq)) has potential for raising primary production, hastening nutrient exhaustion 
and thence changes in elemental stoichiometry (Urabe et al.  2003 ). 

 Emphasis in most studies of phytoplankton physiology has been placed upon 
nutrient limitation and recovery from it. Far less has been researched concerning the 
consumption of different forms of non-limiting nutrients, an event which is of critical 
importance for production later in the season (Flynn  2005 ), and also for ecological 
stoichiometry. Changes in the availability of DIC, of different forms of N and of P all 
affect differential accumulation of carbohydrates and fatty acids. There is evidence of 
changes in biochemical composition of phytoplanktonic prey with growth under OA 
conditions that affect prey selection (Cripps et al.  2016 ). These interactions are of 
especial concern when set against observations that resilience by zooplankton against 
OA depends on a continued availability of good quality prey (Cripps et al.  2014 ).  

    Avoiding Predation 

 Prey selection is not solely a function of size across a narrow range (Hansen et al. 
 1997 ), indeed predators switch between prey depending on availability and nutri-
tional status (quality) (Flynn et al.  1996 ; Mitra and Flynn  2006a ,  b ). The best mech-
anism for handling your predator is not to kill it, for that benefi ts your competitors 
as well; rather it is to ‘persuade’ the predator to hunt others. For plankton that ‘per-
suasion’ can be achieved through production of noxious, rather than toxic, com-
pounds (Flynn  2008b ). The result is not only the removal of competitors but also the 
recycling of nutrients that are needed to support further growth (Mitra and Flynn 
 2006b ). In ecological and evolutionary terms, and thence for modelling of such 
facets, this raises the question of which of two alternate evolutionary tactics is best:

    1.    For a species to grow quickly, to be a numerically dominant member of the prey 
fi eld, but thus be a stronger driving factor in predator evolution.   

   2.    To grow slowly, perhaps to be noxious, and thus to remain cryptic, so that preda-
tors will not have a strong selective advantage in evolving to consume such a 
prey, nor to neutralise or otherwise overcome any noxious compounds.    

  A traditional way of viewing these alternates would argue for a trade-off in allo-
cation of resources towards growth versus the production of defences. There is no 
obvious overwhelming cost for phytoplankton in making secondary metabolites as 
these typically represent only a few % of cellular resources and are often synthesised 
during unbalanced growth (John and Flynn  2002 ). Thus such an argument based on 
trade-offs appears weak at best. There may be advantages in growing slowly, espe-
cially in ‘slow’ environments where nutrients are limiting (Flynn  2009b ); being 
forced (so to speak) to grow slowly through being nutrient-stressed generates stress 
that is likely not good for overall cellular maintenance (Schaum and Collins  2014 ). 
If it were otherwise then one would expect all organisms to be capable of higher 
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maximum growth rates than they are. Yet, toxins appear to be generated typically in 
nutrient-stressed conditions (Granéli and Flynn  2006 ). What we do not know is how 
many biochemicals are produced by these organisms under various conditions of 
stress that are unknown to research simply because they are not recognised as toxins 
by humans. A good example is the identity of the chemical that renders the widely 
used aquaculture species  Isochrysis  unpalatable to grazing when that species is 
deprived of N-nutrient (Flynn et al.  1996 ). This is an aspect of the intriguing issue of 
the role of chemical warfare in plankton ecology (Pohnert et al.  2007 ). 

 There thus appears something of a paradox; toxic species are typically not fast 
growing organisms and so may be expected to not be so likely to become nutrient- 
stressed, yet to become noxious they appear to need to become nutrient stressed. 
Explanations may rest for many species in the apparent confl ict between heterotrophic 
versus phototrophic modes of growth in the one cell, for most HAB organisms are 
mixotrophic (Flynn et al.  2013a ). Is it possible that while the heterotrophic core of 
these organisms is not stressed (explaining the low growth rates matched to ‘slow’ 
environments), the phototrophic component is  de facto  nutrient limited? This could be 
attained if the regulation of internal biochemical stoichiometry is not so well balanced 
as one may expect to occur in mixotrophs (Flynn and Mitra  2009 ), or indeed not so well 
balanced as one may expect from a consideration of solely elemental stoichiometry.  

    Stoichiometry and Mixotrophy 

 Hitherto we have considered stoichiometry and predator–prey interactions from the 
traditional point of view, with a clear separation between primary and secondary pro-
ducers, between phototrophy and heterotrophy. Mixotrophic protists, now recognised 
as being near ubiquitous in many waters (Flynn et al.  2013a ; Mitra et al.  2014a ), 
combine these modes of nutrition in a single cell. As such they present an interesting 
subtopic for the study of stoichiometry and trophic interactions. The usual concept of 
mixotrophy is of mixing sources for nutrition, for example acquiring C from photo-
synthesis versus feeding. What actually seems to pass is that these organisms photo-
synthesise for C and energy and feed mainly to support acquisition of N, P and Fe 
(Mitra and Flynn  2010 ; Mitra et al.  2014b ). Of course, in many instances, these other 
elements are acquired as inorganics during phototrophic physiology, while C is also 
acquired as a by-product of eating. Thus from a phagotrophic point of view, mixotro-
phy provides scope to minimise the otherwise certain loss of elements during anabolic 
and catabolic processing of food; it does this both via the provision of fi xed C from 
photosynthesis that mitigates against the loss of C during catabolic respiration, and 
also through providing scope for the re- assimilation of regenerated nutrients de facto 
before they leave the cell. From a phototrophic point of view, mixotrophy provides 
scope to acquire elements that would otherwise be limiting if the organism depended 
solely on external inorganic sources (Mitra and Flynn  2010 ; Mitra et al.  2014b ). 

 In theory, then, mixotrophy should provide scope for the maintenance of a height-
ened nutrient status, to enable continued good growth under conditions that would 
not be favourable to their non-mixotrophic counterparts. Mixotrophs may thus be 
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expected to provide a superior food source for larger zooplankton, and indeed there 
is cause to suspect that this is so. On the other hand, as noted above, most HAB spe-
cies are mixotrophic, which raises the alternative (or perhaps additional) role of 
phototrophy in providing secondary metabolites as toxins to deter grazers. And so 
we return to the issue of whether it is preferable from an evolutionary perspective to 
actually preserve some level of internal nutrient imbalance to render the cell as rela-
tively unpalatable, and/or to remain cryptic, and hence not drive the evolution of 
grazers to develop biochemical counters to toxins. We do not as yet know, but for 
sure it will provide an interesting line in experimental and theoretical research.  

    Conclusions 

 As we noted at the outset, ecological stoichiometry is a natural and unavoidable con-
sequence of interactions between organisms of different chemical composition. To 
model predator–prey interactions requires a recognition of the scope for variable com-
position, a recognition that has been surprisingly slow in coming; in large measure in 
marine modelling this has been justifi ed by reference to the Redfi eld ratio. There are 
many facets of stoichiometry that remain elusive, including the nonlinear relationship 
between quality and prey selection, which is where we (authors) entered this arena. 

 Of one thing we can be sure, the whole topic of biochemical as well as variation 
in the bounds of elemental stoichiometry, when linked to prey (de)selection and 
trophic dynamics with prey quality and quantity, provide great scope for exploring 
the paradox of the plankton, why there are so many species of plankton when the 
simplistic views of trait trade-off often drive a vision of ecology dominated by the 
smallest cellular confi guration.     

    Aditee Mitra and Kevin J. Flynn 

 “ My organisms (zooplankton) eat yours! ”-Aditee; “ Yes, but my organisms (phyto-
plankton) may poison yours! ”-Kevin. So what happened when we got together, 
courtesy of a grant, to “marry” our mathematical models of zooplankton and phyto-
plankton? We enjoyed debating the interactions of our favored plankton groups so 
much that we got married ourselves! And, several years on, we now have higher 
management to preside over our deliberations-our son, Rohan Mitra-Flynn. His pre-
ferred way of stalling our debates is to start an alternative discussion on giant squids 
or dinosaurs; change the topic, as per that classic senior management approach. 
Rohan entered the world of scientifi c debates at the Crete IMBER IMBIZO meet-
ing, where he also had his fi rst birthday party. He sat on a table next to his cake 
enjoying being the center of attention while a large crowd of marine scientists all 
sang “happy birthday.” Rohan’s party was even broadcast on Crete television, along 
with some mention about the conference, of course. Our fi rst mixotroph meeting in 
Kalmar, Sweden, holds a special place in his memory bank because of the massive 
diggers which could be seen from the laboratory. Rohan aspires to become an 

A. Mitra and K.J. Flynn



87

engineer. An ambition of his is to design a deep sea submersible so that he can send 
(crazy) marine biologists to get videos of giant colossal squids. Meanwhile, Aditee 
and Kevin’s level of banter along the lines of “zooplankton eating versus phyto-
plankton poisoning” has been contained by the more recent shared interest in mixo-
trophs, where primary and secondary productions live side by side within the same 
cell. Presently, Aditee is a lecturer in plant sciences and researcher in predator-prey 
trophic dynamics, while Kevin is a professor in marine microbiology. Both work at 
Swansea University, UK.   
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 Introduction

Biological processes often respond in a way that “saturates”, or comes to a maxi-
mum rate despite having increasingly available resources or substrate. A saturating 
response separates two important phenomena—a region where the substrate influ-
ences the rate, and a region where the process is functionally at or near a maximal 
rate and substrate has no or little influence. A key idea is that as the substrate 
increases in concentration or magnitude, its influence on the process ultimately 
stops. Accordingly, the substrate is controlling at low concentrations and noncon-
trolling at high concentrations. This simple, nontrivial, and profound concept is at 
the heart of nearly all biological and ecological systems models and is commonly 
the basis for evaluating “limitation” by environmental factors, whether it is at the 
level of cell physiology or ecosystem response. Rao (2000) considered the saturat-
ing response curve so fundamental to biological processes that he termed it “a curve 
for all reasons.”

Classical examples of saturation curves are the photosynthesis–irradiance curve 
(the PE curve) and nutrient uptake kinetics (the V vs S curve), typically parameter-
ized similarly, but not identically, as

 
P P e E P= - -max max( ( / ))1 a o  (1)

 V V S K Ss= +max[ / ( )]  (2)

where P is the photosynthesis rate, Pmax is the maximal rate of photosynthesis, Eo is 
the light intensity, α is the initial slope (Jassby and Platt 1976; Smith 1936), V is the 
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specific uptake rate, Vmax is the maximum uptake rate, S is the substrate concentra-
tion, and Ks is the half-saturation constant for uptake (Menten and Michaelis 1913; 
Fig. 1). Blackman and Tansley (1905) were the first to describe the saturating 
response as it relates to photosynthesis. “…[T]hat photosynthesis in Nature is pro-
portional to light intensity is only true up to a limit set by the amount of CO2 that can 
reach the plastids by diffusion.” Blackman and Tansley recognized that photosynthe-
sis ceded control from irradiance to CO2 supply. Application of the saturation curve 
to the concept of limitation is perhaps one of the most well-known concepts in phy-
toplankton ecology, with the half-saturation constant as the break- point wherein 
nutrient limitation is considered to be overcome. For photosynthesis, the break-point 
for light limitation is typically evaluated using the parameter, Ek (=Pmax/α), the light 
intensity at which photosynthesis begins to saturate and has been used to character-
ize organisms according to their “sun” vs. “shade” response (e.g. Prézelin 1981).

For organisms, biochemical and physiological processes are generally con-
strained by a maximum rate of reaction and saturating responses are the basis of 
most models describing organism responses to the environment. At larger scales, 
saturation responses have been applied to ecosystem management of nutrient load-
ing responses; there is a region of rapid response where systems are changing and a 
region of slow response where systems have considerable resilience to change to 
either increasing nutrient loading or nutrient reductions (Glibert et al. 2010). Across 
these scales, the processes of photosynthesis and nutrient acquisition are central to 
understanding environmental limitation on growth and ecology of phytoplankton 
and this brings together our dual perspectives on the biological regulation of saturat-
ing responses and implications for understanding ecological behavior.

 Static vs. Dynamic Behavior

In classical phytoplankton physiology, the kinetics of nutrient uptake and growth 
(analogous to the relationship describing enzyme–substrate kinetics) utilizes a half- 
saturation “constant” (Ks) calculated from a curve fit, and that parameter is used to 

Fig. 1 Examples of saturating hyperbolic relationships and their application to (a) the rate of 
photosynthesis as a function of irradiance; (b) the rate of uptake of nutrients as a function of their 
concentration in the water column
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assess the degree of limitation of that nutrient for growth. Often, this parameter is 
assumed to be characteristic or fixed and the literature is replete with comparisons 
of Ks and Vmax for different species or different water bodies (e.g. Kudela et al. 2008). 
The use of “fixed kinetics” continues to persist in spite of the recognition decades 
ago that there is considerable variation, even within a given organism, in such rela-
tionships (e.g. Goldman and Glibert 1983 and references therein). As with nutrient 
kinetics, photosynthesis kinetics vis-à-vis irradiance effects also exhibit a well-char-
acterized saturation response (we ignore photoinhibition) and curve fit equations are 
plentiful (Jassby and Platt 1976) and the literature is replete with species compari-
sons of PE parameters. The importance of those parameters that define saturating 
curves cannot be overstated as they are the input to mathematical models formulated 
to describe both cellular and ecological behavior of more complex systems.

Implicit in a saturating response curve is the notion that the cell follows the 
response as the independent factor changes. Photosynthesis follows a PE curve as 
irradiance changes. Likewise, N uptake follows an uptake curve as N concentration 
changes. At one level, the cell must follow the curve—it is an empirical result. At 
this most simple conceptual level, we can think of a cell’s physiology as “running up 
and down” the saturation curve as substrate availability changes. But it has also been 
long known that saturating response curves depend on physiological state of the cell 
and/or the manner in which the experiment is performed (e.g. Harris 1978; Goldman 
and Glibert 1983 and references therein), so any specific curve has some arbitrari-
ness related to the measurement protocol. This dynamic is nicely exemplified by 
“rapid light curves” (i.e. PE curves measured in short duration) using variable fluo-
rescence methods (White and Critchley 1999). Rapid light curves are strongly 
dependent on the investigator-determined duration of irradiance at each step, which 
affects the physiological state and resulting response curve. Similarly, nitrogen 
uptake curves have long been known to be dependent on the length of time an experi-
ment is performed (e.g. Wheeler et al. 1982). Therefore, it can be argued that a cell 
does not “run up and down the curve”, but simply responds instantaneously to its 
environment based on its physiological state, which is dependent on its history.

The challenge is to relate measured saturating curves (implicitly static) to the 
activity of cells that undergo regulation during or around the process of measure-
ment. A common approach has been to obtain “catalogs” of curves for processes, as 
was done for many years with PE measurements in efforts to understand species 
responses to environmental factors. Here we develop an alternative perspective 
whereby the curves are used to inform us about mechanisms of regulation and from 
an understanding of those mechanisms, we develop a perspective on how the organ-
ism “sees” the world and manifests saturation curves under experimentation.

 Gradient Signals and Dynamics of Response Curves

Thirty years ago we conducted experiments with the recently-discovered marine 
cyanobacterium, Synechococcus, with an interest in growth and photosynthesis 
capability over a broad irradiance range (it had been considered a low-light adapted 
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organism; Kana and Glibert 1987a, b). Using cultures from eight growth irradiances 
spanning a saturating growth rate curve, we measured PE responses. And, relating 
carbon uptake rates to four different basis units (cell number, cell carbon, chloro-
phyll, and phycoerythrin), the data provided us with a suite of 32 unique PE curves 
for this one species. The Synechococcus experiments clearly demonstrated that 
under steady-state conditions rates of photosynthesis and growth were linked, but 
that potential short-term photosynthesis at irradiances different from the growth 
irradiance (i.e. across a PE response) exhibited varied, but highly regulated rates. 
This finding paralleled earlier observations for N uptake, which clearly demon-
strated that short-term rates of N uptake and growth were uncoupled, but were 
also highly regulated and followed similar patterns (McCarthy and Goldman 1979; 
Goldman and Glibert 1983).

In both cases, only under conditions of maximal growth rate (μmax) did the maxi-
mal rate of photosynthesis (Pmax) or nutrient uptake (Vmax) balance the growth 
demand. At light limitation for growth, there was an excess capacity of photosyn-
thesis that was not utilized under the growth conditions. When comparisons were 
made of the rates of Pmax relative to Pi (photosynthesis at the growth irradiance) in 
relation to the ambient growth rate (μi) relative to μmax (i.e. μi:μmax, or the relative 
growth rate), one finds that excess photosynthetic capacity diminishes as relative 
growth rate approaches 1, and similarly for nitrogen uptake, Vmax exceeds Vi (ambi-
ent uptake rate) under nitrogen limitation and the ratio Vmax:Vi diminishes toward 
μmax (McCarthy and Goldman 1979; Goldman and Glibert 1982, 1983 and refer-
ences therein; Kana and Glibert 1987b; Fig. 2).

The parallels between nutrient- and light-dependent responses to relative growth 
rate imply that the uptake capacities for the major resources (nutrients and photons) 
regulate to a balance point that satisfies μmax. An alternative way of looking at this is 
that μmax provides the rate constraints (i.e. slow steps) for regulation of light and 
nutrient harvesting. An important implication of this is that growth rate per se can 
be used as a “grand integrator” of metabolism. Growth rate links all processes 
related to nutrient and energy acquisition, a conclusion that would be drawn a priori 
from mass balance considerations (Shuter 1979).

Early work on photoacclimation (termed photoadaptation prior to the mid- 
1980s), which is ubiquitous among plants and algae, was generally in the context 
of “sun vs. shade” or “high vs. low” irradiance acclimation. In that experimental 
context, species appeared to sort themselves out in terms of two or more “strate-
gies” depending on patterns of change in α and/or Pmax (Prézelin 1981; Richardson 
et al. 1983). However, the Synechococcus light gradient study (Kana and Glibert 
1987b) demonstrated that all of the strategies previously described existed in one 
organism when observed over a growth irradiance range that encompassed limiting 
and  saturating irradiances. This implied that there must be a single mechanism for 
photoacclimation rather than multiple strategies. Subsequently, it was demon-
strated that the “light meter” for photoacclimation resided in the electron transport 
chain and was related to the reduction state of the plastoquinone (PQ) pool 
(Escoubas et al. 1995; Maxwell et al. 1995) whereby a shift in reduction state 
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Fig. 2 Comparison of the relationships between Pmax:Pi (a) and μi:μmax and Vmax:Vi and μi:μmax (b). 
In panel (a) four species are compared: circle, Synechococcus WH7803; triangle, Microcystis 
aeruginosa; crosses, Phaeodactylum tricornutum; and squares, Alexandrium tamarensis. Figure 
redrawn from, and original data sources given in, Kana and Glibert 1987b. In panel (b) four species 
are compared: solid line, Phaeodactylum tricornutum; dashed line, Thalassiosira weissflogii; dot-
ted line, Chaetoceros simplex; and dot-dash line, Dunaliella teriolecta. Figure redrawn from, and 
original data derived from Goldman and Glibert (1982). The fine dashed lines in both panels rep-
resent the equivalency of the rates
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caused a shift in pigment- protein synthesis rate. The reduction state is directly 
related to the relative rates of reductant formation via light harvesting and reductant 
utilization via (principally) carbon assimilation. Thus, an increase in irradiance at 
constant utilization (e.g. at μmax) increases the redox state and reduces the pigmen-
tation that ultimately reduces the redox state to a new poise. The dynamic balance 
of pigment concentrations is one of several mechanisms that balance energy absorp-
tion with energy utilization, but it is an important mechanism for modelers of phy-
toplankton productivity because it relates pigment cellular concentrations to the 
environment (e.g. Li et al. 2010).

This irradiance-dependent energy balance concept led to a more general analy-
sis relating “energy in” vs. “energy out”, or light harvesting vs assimilation. This 
“balance” was formulated as a simple ratio (light absorption/assimilation) that 
served as a gradient signal that mediated pigment synthesis (Kana et al. 1997). A 
key assumption was that photosynthetic assimilation is constrained to μmax, which 
is constrained independently by nutrient availability, temperature, and other 
growth-limiting factors (i.e. growth rate is the grand integrator). It was possible to 
model a cell that manifested pigment concentrations and PE curves that behaved 
according to experiments conducted across irradiance, temperature and nutrient 
gradients and diverse species (Geider et al. 1996, 1997, 1998; Kana et al. 1997). 
The “slow step” related to light-dependent μmax, that in turn constrains Pmax, and 
could be located among a number of bottlenecks ranging from PSII turnover time 
to rates of cellular metabolism outside of the photosynthetic apparatus. This pro-
vided a “rule” allowing the integration of diverse environmental factors into a 
single regulatory mechanism. Photoacclimative pigment concentrations could not 
be predicted from irradiance alone. It required knowledge of the ratio of absorption 
to assimilation.

In terms of nitrogen acquisition and assimilation, there are many parallels. The 
balance between carrier proteins and the enzymes for N assimilation is analogous to 
the balance between pigments and the enzymes of C assimilation. In nutrient acqui-
sition, the carrier proteins at the cell surface are analogous to the light harvesting 
apparatus, and specifically in terms of NH4

+ and NO3
− acquisition, the transporters 

AMTs and NRTs, respectively, perform that role (e.g. Galván and Fernandez 2001; 
Rogato et al. 2015).

However, in terms of nutrient acquisition, the parallels with light acquisition are 
more complicated because not all nutrient substrates follow the same kinetics. In 
fact, even within the inorganic nitrogen forms, there are key differences in the 
nutrient uptake response as a function of variable substrate supply (e.g. Glibert 
et al. 2016). In general, NO3

− transporters are induced by the presence of their 
substrate (NO3

−), whereas NH4
+ transporters are induced by the absence or defi-

ciency of their substrates, or repressed by increased availability of their substrate, 
NH4

+ (Glibert et al. 2016 and references therein). Thus, increasing concentrations 
of NO3

− yield more NRTs, whereas increasing concentrations of NH4
+ yield fewer 

AMTs. In this regard, the regulation of NH4
+ acquisition is more similar to light 

acquisition in that absence leads to up-regulation of the acquisition pathways. Such 
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a phenomenon has been well documented in both culture and field experiments, 
where N limitation results in uptake rates that far exceed the nutrient that would be 
required to balance growth (e.g. Conway et al. 1976; McCarthy and Goldman 
1979; Glibert and Goldman 1981; Fig. 2). This rapid or “surge uptake” is, in con-
cept, the same as the excess PS capacity relative to balanced growth shown in low 
light grown cultures (Kana and Glibert 1987b; Fig. 2). Due to the differing nature 
of the regulation of NO3

− vs NH4
+ transporters, vis-à-vis what signals their up-

regulation when substrate is limiting, rapid or surge uptake of NH4
+ is more likely 

than that of NO3
−. It, like light harvesting antennae, is “primed and ready” to 

respond to any increase in substrate availability, whereas the up-regulation of NO3
− 

transporters in most cases require time to respond, the so-called “shift-up” response 
(e.g. Berges et al. 2004).

If the “light meter” for photosynthetic regulation is the energy pressure and state 
of the PQ pool, what is the “nutrient meter” and how does it sense a state of suffi-
ciency or saturation? All nitrogen forms are ultimately reduced to NH4

+ before 
assimilation into amino acids and proteins. Assimilation of NH4

+, either derived 
from direct uptake or from reduction of NO3

− or NO2
−, occurs via a series of reac-

tions involving (for most algal species) the enzymes glutamine (Gln) synthetase 
(GS) and glutamate (Glu) synthase (GOGAT; also known as glutamine-2- 
oxoglutarate amidotransferase). This pathway yields Glu, the product of Gln and 
oxoglutarate (2-OG) (Scanlan and Post 2008). The availability of Gln and the Gln/
Glu ratio govern the NO3

− reducing capacity in the cell; when Gln levels are low, 
and when NO3

− is available, nitrate reductase (NR) is up-regulated. Alternatively, 
when Gln levels are high, NR activity levels are dialed back (Flynn et al. 1994; 
Campbell 1999). As the supply of NH4

+ becomes insufficient to maintain a high 
internal N-status, indicated by a decline in internal Gln:Glu ratios (Flynn et al 1989, 
1994), then the ability to transport and use NO3

− is up-regulated. AMTs in some 
species are up-regulated by the depletion of NO3

−, but the inverse relationship does 
not appear to be the case; that is they are not down-regulated by the prevalence of 
NO3

− (e.g. Hockin et al. 2012; Glibert et al. 2016). Thus, the “nutrient meter” for all 
forms of N acquisition is the GS-GOGAT state and therefore the ability to assimi-
late NH4

+ (directly or from reduction of NO3
− or NO2

−) relative to the ability to use 
that nitrogen downstream. In all, the cells have tuning knobs, the PQ redox state and 
the relative levels of Gln:Glu, that serve as the signals to up-regulate or down-regu-
late acquisition to meet the needs of the cells when resources are low, and to switch 
off acquisition when resources are sufficient.

 Overall Perspective on Dynamic Kinetics

The ratio of light absorption to assimilation capacity turned out to be a robust mod-
eling parameter that “self-regulated” cellular pigments under diverse environmental 
factors (Geider et al. 1996, 1997, 1998; Kana et al. 1997). Energy input was related 
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to irradiance and light harvesting (pigment content), whereas assimilation capacity 
was regulated by cellular limits determined by factors such as temperature and 
nutrient limitation. Effectively, these models scaled pigment responses to growth 
rate as the “grand rate setter” and by doing so, it was possible to coalesce diverse 
phytoplankton species variation for pigment regulation into a single regulatory 
structure for multiple environmental effects. This result also supports the notion 
described above that the cell does not “ride up and down” a PE curve but rather the 
PE curve is merely a consequence of the nature of light harvesting efficiency and 
maximum rate constraints at any given time—both of which lead to a saturating 
response curve. By the same token, a cell does not “ride up and down” a nutrient 
kinetic curve; the shape of the curve at any given time is a consequence of the nature 
of the nutrient acquisition machinery and the rate constants of the suite of nitrogen 
assimilating enzymes at any given point in time.

As is the case with photoacclimation, which is recognized to depend on the 
dynamic balance of energy flow through the entire photosynthetic apparatus and 
cell, nutrient assimilation should be recognized to depend on the balance of nutrient 
acquisition at the cell surface and the maximal rate at which these nutrients can be 
assimilated within the cell, a balance between surface uptake sites and internal 
enzymes (Smith et al. 2009). This dynamic balance approach recognizes that even 
at the level of saturation the cell continues to regulate its nutrient metabolism 
through processes of internal feedbacks and controls. Such a suite of feedbacks may 
result in considerable adjustment of nutrient uptake in the region where nutrients are 
normally considered “saturating”. Such adjustments may lead to short-term uptake 
curves showing continued increase in uptake, leading to biphasic kinetics or even 
inhibition (Glibert et al. 2016). In fact, kinetic relationships should be viewed as 
continually varying within the bounds of a response surface and deviations from a 
single, classically defined kinetic relationship, should be viewed as the norm rather 
than the exception (Goldman and Glibert 1983; Smith et al. 2009; Glibert et al. 
2013, 2016).

One approach that is showing promise in capturing dynamic regulation of nutri-
ent kinetics is that of optimal kinetics (Aksnes and Egge 1991; Smith et al. 2009). 
This approach recognizes that the ability of the cell to up- or down-regulate nutrient 
uptake is a function of the potential maximum uptake sites, internal enzymes and 
rates of assimilation. Instead of a half-saturation constant, this approach calculates 
an affinity uptake rate:

 V V S V A Saff = +[( ) / (( / ) ]max max  (3)

wherein the relationship substitutes the more classic half-saturation constant (Ks) 
with an affinity constant, Vmax ratioed to A, the affinity. In such a formulation, both 
the affinity and Vmax may vary with cellular physiology. Thus, as with the photosyn-
thetic “regulatory term”, light harvesting/assimilation, a ratio provides a more 
robust measure of the relative abilities of all species to compete for nutrients (Smith 
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et al. 2009). In essence, optimal kinetics assumes that the cells dynamically balance 
the efficiency of nutrient acquisition at the cell surface and the maximal rate at 
which these nutrients can be assimilated within the cell, a balance between surface 
uptake sites and internal enzymes (Smith et al. 2009; Pahlow and Oschlies 2013). 
Bonachela et al (2012) have also proposed a dynamic formulation of nutrient uptake 
in which a model cell allows for dynamic regulation of cell transport proteins, lead-
ing to flexibility in the maximal uptake rate as well as the limiting portion of the 
curve. Others (e.g. Klausmeier et al. 2007) have addressed model formulations that 
allow for flexibility in the uptake of more than one nutrient resource. Such an 
approach allows for dynamic changes in uptake and in allocation strategies of the 
different nutrients.

The implications of a dynamically varying, rather than fixed kinetic model are 
important. On the one hand, nutrient stress can develop before nutrient availability 
declines below the conventionally defined half saturation value (and bearing in 
mind how poorly this value is typically known), while on the other hand, regulation 
of nutrient uptake does not cease when availability of nutrient reaches values defined 
as “saturating” (Glibert et al. 2013). Thus, application of fixed kinetics to the con-
cept of nutrient limitation fails to recognize the complexity of regulation that occurs 
across the entire range of substrate availability. Furthermore, regulation of nutrient 
uptake along this continuum may differ for different nutrients or for different forms 
of the same nutrient. Importantly not only are there differences in cellular nutrient 
content between taxa, but within taxa at any given time there are differences in the 
plasticity or flexibility in nutrient content. Such regulation is fine-tuned and bal-
anced at steady state. However, natural communities are rarely growing at steady 
state under single nutrient sources and fixed concentrations and are composed typi-
cally of numerous taxa. Conceptualizing the relationships between physiological 
processes and growth as dynamic rather than as fixed kinetic relationships, and 
understanding how this regulation may differ for different nutrients, has further 
implications for understanding cell properties and ultimately for ecosystem 
metabolism.

The brief review above has emphasized that with both light acquisition and CO2 
assimilation as well as with nutrient acquisition and assimilation, there is strong 
biological regulation between the demand side (getting what is needed when the 
supply is low) and the assimilation of the resource (the maximal rate always set by 
biochemical reactions and their constants) for each set of environmental conditions. 
It is time to incorporate these tuning knobs in models rather than fixed half satura-
tion or photosynthetic constants. Progress is being made. More needs to be done- 
both experimentally and computationally to move forward from our fixed and 
invariant notions of kinetics to better representation of the dynamics of biology.
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Ask each of us when we met and you will get a different answer (clearly one of us 
made a better impression on the other when we first met!). We do agree that we met 
in college, but we were attending different colleges. After several years of a long-
distance relationship while we pursued our master’s degrees and first job opportuni-
ties, we both applied to Harvard for our Ph.D.—and remarkably it was the only 
place that accepted us! We were married later that year, much to the surprise of 
many faculty and students who thought we had just met. Pat studied N cycling, but 
Todd was not aquatically oriented and studied plant autecology. Pat finished first 
and took a postdoc at Woods Hole Oceanographic Institution (WHOI). The writing 
was on the wall: we were going to be located at a marine lab, but WHOI at that time 
forbade spouses from both being hired. Nor were there opportunities for Todd’s 
expertise. Todd learned that hanging out with oceanographers could be fun and he 
gravitated back to his interests in basic photosynthetic processes, but now in the 
context of the newly discovered marine Synechococcus. Pat stayed focused on how 
and why phytoplankton could cope with vanishingly low nitrogen in the oceans as 
well as becoming a first time mom (WHOI’s first female scientist to give birth). 
A move to the Horn Point Laboratory in Maryland was welcome when positions for 
both of them were offered and when HPL was developing a core group of plankton 
ecologists and recognized the advantages of spousal hiring. Two more children, 
many challenges, wonderful colleagues, good students, and fun travels have filled 
our lives over the past 30+ years. Todd now spends more time on instrumentation 
and applications development and less time on photophysiology. Pat focuses on 
how and why phytoplankton can cope with all the excess nitrogen that has eutroph-
ified our estuaries and coasts. The questions have changed; our work has evolved, 
but the excitement of the science has not.
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      Nitrate Reductase: A Nexus of Disciplines, 
Organisms, and Metabolism                     

     Erica     B.     Young      and     John     A.     Berges   

          Introduction 

 Aquatic ecosystems present unique challenges to microbial ecologists because of 
the diffi culty in representing dynamic fi eld conditions in the laboratory, as well as 
the logistical diffi culties of working in the fi eld, especially in ocean and large lake 
ecosystems. This has motivated development and application of physiological ecol-
ogy (or ecophysiology), especially exploring use of biochemical indices of cell 
function and processes to gain insight into an organism’s physiology and roles in 
ecosystem processes. While there is a wide array of biochemical aspects of organ-
isms which could be used (e.g. cell composition, adjustments in cell microenviron-
ments; see Hochachka and Somero  1984 ), responses in functional proteins are 
among the most interesting and enzyme activities in particular have proven useful 
(Newsholme and Crabtree  1986 ). Enzymes represent the critical mediators of 
microbial nutrient transformations and thus biogeochemical cycles. In this article, 
we use the enzyme  nitrate reductase  to illustrate how examination of enzymes can 
lead to broader understanding of organism and ecosystem functions.  

    Why Nitrate Reductase? 

 Nitrogen plays a central role in biogeochemistry on earth, and its multiple oxidation 
states, multiple reservoirs on the planet and common roles as limiting nutrient and 
culprit in eutrophication make it one of the most fascinating elements to aquatic biolo-
gists (see Mulholland and Lomas  2008 ). In terms of acquisition of nitrogen by 
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autotrophs, assimilatory nitrate reductase (for eukaryotes usually classifi ed under 
Enzyme Commission 1.7.1.1 and 1.7.1.2 and Gene Ontology 0009703 and 0050463, 
and for cyanobacteria EC 1.7.7.2, GO 0047889; Berges and Mulholland  2008 ) func-
tions at a central point in algal nitrogen metabolism (Mulholland and Lomas  2008 ) and 
integrates responses to several environmental variables, including nitrogen and light 
availability, as well as internal carbon metabolism (Young and Beardall  2005 ; Young 
et al.  2007a ) (see Fig.  1 ). Therefore, it is unsurprising that the nitrate reductase (NR) 
enzyme has received considerable attention in seminal studies ranging from laboratory 
algal physiology (e.g. Morris and Syrett  1963 ) through to oceanographic fi eld work 
(e.g. Eppley et al.  1969 ), as well as applied sciences (e.g. Ntoko and Senwo  2012 ).

   Many aspects of NR in aquatic organisms have been reviewed relatively recently 
(Berges and Mulholland  2008 ; Mulholland and Lomas  2008 ), thus our goal here is 
to selectively review established ideas and the most critical recent advances in our 
emerging understanding of the enzyme, and identify some of the more pressing 
needs for future advances. 

 In terms of a basic overview, NR enzymes are widespread among autotrophs 
(from phytoplankton to macroalgae, seagrasses and their epiphytes) and, although 
NR forms can differ in properties, their activities can generally be assayed in a 
straightforward manner and can often be quantitatively related to rates of nitrate 
incorporation (e.g. Berges and Harrison  1995 ). NR activity can be regulated by a 
variety of transcriptional and post-translational mechanisms (see Berges  1997 ), but 
in at least some algae, synthesis and degradation of the enzyme is a major factor on 
a timescale of hours to days (e.g. Vergara et al.  1998 ; Young et al.  2009 ). With some 
exceptions in specifi c taxa, NR activity responds to irradiance (e.g. Berges and 
Harrison  1995 ; Young et al.  2007a ), nitrate supply (e.g. Young et al.  2009 ), presence 
of ammonium (e.g. Berges et al.  1995 ; Vergara et al.  1998 ; Young et al.  2007a , 
 2009 ), and temperature (e.g. Berges et al.  2002 ). While some phytoplankton taxa 
like diatoms are capable of storing considerable nitrate, it is the multicellular algae 
that are true specialists, developing substantial internal pools, to some extent uncou-
pling inorganic nitrogen assimilation and incorporation from ambient nitrogen 
availability (e.g. Young et al.  2007b ). Macroalgae also show marked seasonality in 
NR activity (e.g. Young et al.  2007b ) and there is evidence that NR is regulated dif-
ferently depending on position in the intertidal zone (e.g. Young et al.  2007a ).  

    Understanding That Has Emerged from Recent NR 
Measurements 

  Measuring NR can provide information about more than just nitrogen assimilation . 
Although unassimilated nitrate can be stored by cells, assimilation, including reduction 
by NR, requires committing energy and thus is subject to cellular regulation and inte-
gration with other metabolic processes. It has been noted previously that, in metabolic 
pathways, regardless of which step is limiting a particular moment, all enzymes in the 
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pathway acclimate to the prevailing fl ux through the pathways (see Newsholme and 
Crabtree  1986 ). This appears to apply at the level of organisms as well; what advantage 
would an organism chronically limited for one element have in maintaining the capac-
ity to assimilate non-limiting elements at rates greatly out of proportion to its composi-
tion? Such an effect can be exploited. For example, when examining cells or populations 
limited by low iron or phosphorus, it is tempting to focus directly on aspects of iron or 
phosphorus availability, uptake or metabolism. But our ability to measure iron or phos-
phorus at the relevant physiologically limiting concentrations is technically diffi cult 
and subject to large errors so that measurements become unreliable or uninterpretable. 
An alternative approach is to measure the effects of limitation in a different, but still 
strongly affected area of core metabolism, such as nitrogen assimilation. Indeed, NR 
activity appears to acclimate to meet the requirements of the organism even when 
growth is being regulated by another variable such as iron in open-ocean marine phy-
toplankton (e.g. Boyd et al.  1998 ) or phosphorus in pelagic Great Lakes freshwater 
phytoplankton (e.g. Berges et al.  2013 ). This is also true when considering the strong 
coupling between nitrogen and photosynthetic energy and organic C synthesis required 
for N assimilation; examining N stress can inform understanding of cellular priorities 
for carbon acquisition (e.g. Young and Beardall  2005 ). 

 Recent results show that NR itself has broader roles in metabolism than simply 
assimilation of nitrogen. For example, Lomas and Glibert ( 1999 ) hypothesized that 
diatoms can use nitrate reduction via NR as a sink for excess reductant during peri-
ods of growth at low temperature and high irradiance. Such a stress response mech-
anism would essentially provide a “safety valve” for redox metabolism, reducing 
oxidative damage. Kamp et al. ( 2013 ) provide evidence in the diatom  Thalassiosira 
weissfl ogii , that assimilatory NR may function in dissimilatory pathways, for exam-
ple, to help generate ATP when cells are exposed to darkness and anoxia. This 
short-term reduction of nitrate to ammonium followed by excretion is poorly under-
stood, but clearly NR is involved (Kamp et al.  2013 ). Intriguingly, NR may also 
function in the production and/or metabolism of nitric oxide (NO). NO is known as 
a signaling molecule and mediator of stress in higher plants, and NR has been impli-
cated in NO generation in some higher plants (Desikan et al.  2002 ). Vardi et al. 
( 2008 ) demonstrated that NO can also serve as a strong signal for cell death in a 
diatom. Curiously, despite diverse metabolic roles identifi ed for NO, few synthesis 
pathways or genes involved have been found in higher plants, but a NO synthase 
gene has been identifi ed in the green alga  Ostreococcus tauri  (Foresi et al.  2015 ). 
Stewart and Coyne ( 2011 ) showed that in two marine raphidophytes, NR contained 
2/2 hemoglobin domains in the hinge region of the protein. These domains are 
homologous to those in higher plants shown to interact with NO. Coupled with 
experimental evidence, this suggests that NR may play a role in converting NO to 
nitrate either as an assimilation or detoxifi cation mechanism (Stewart and Coyne 
 2011 ). In  Chlamydomonas , N uptake and assimilation including NR activity can be 
inhibited by NO (Sanz-Luque et al.  2013 ), NR is required for nitrite-dependent NO 
biosynthesis (Sakihama et al.  2002 ), and in the red macroalga  Gracilaria chilensis , 
additions of NO-generating or scavenging molecules were found to modulate NR 
activity (Chow et al.  2013 ), suggesting strong relationships between NO and NR. 
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 NR activity assays have provided insight into physiological function, but NR has 
also proven to be an important marker of organism diversity. Allen et al. ( 2005 ) 
noted considerable NR gene sequence diversity among marine phytoplankton, fi nd-
ings supported by more detailed phylogenetic analysis showing distinct diatom, rho-
dophyte, prasinophyte, and chlorophyte clades based on NR genes (Ghoshroy and 
Robertson  2015 ). Measurements of this diversity are also clearly possible in natural 
communities; Ward ( 2008 ) demonstrated the potential of functional microarrays 
based on  rbc L and NR oligonucleotide probes to examine both phytoplankton com-
position and gene expression at relatively high resolution and throughput. At a much 
fi ner scale, Paerl et al. ( 2012 ) were able to exploit differences in assimilatory NR 
gene ( nar B) sequences in marine  Synechoccocus  to show seasonal dynamics in dis-
tinct clades. However, so far, the use of gene-based methods in natural ecosystems 
remains constrained somewhat by the restricted representation of algal genes (aside 
from rRNA and commonly used marker genes such as  rbc L) in genetic databases, 
which limits taxonomic resolution for application to NR (Ward  2008 ). 

  In trying to understand NR and metabolism, divisions between “lab” and “fi eld” 
biology or “ecologically relevant” organisms and “lab weeds” lead us astray.  While 
compromises in sampling regime and experimental design often need to be made for 
logistic and practical purposes, there is great value in “intermediates” between lab 
and fi eld studies. For example, in work on NR in Irish intertidal  Laminaria  and 
 Fucus , large fl ow-through tanks of natural lough water were used for incubation of 
whole thalli, allowing for easier round-the-clock sampling access, but with ambient 
temperature, light and water nutrient conditions perturbed as little as possible from 
the fi eld (Young et al.  2007a ,  2009 ). This was complemented with in situ sampling 
on the seashore, including in the intertidal zone at midnight (Young et al.  2007a ). In 
work in pelagic ecosystems, where vessel movement and water column mixing are 
issues, experiments involving NR measurements in contained whole-water samples 
(and sometimes ship-board incubators), though imperfect, provide valuable data that 
complement both culture experiments and in situ measurements (e.g. Berges et al. 
 1995 ; Boyd et al.  1998 ; Berges et al.  2013 ). Larger- scale mesocosms have been used 
in work on NR in sea grass systems (Burkholder et al.  1992 ). 

 Research on NR in laboratory model (often “weedy”) organisms has attracted the 
criticism of doubtful “ecological relevance”. While laboratory model organisms 
might not dominate in nature, they may still provide good experimental background 
data for generating hypotheses to test in the fi eld (Ward  2008 ; Alexander et al. 
 2015 ). Moreover, we often lack good criteria for determining ecological relevance 
of taxa. For example, the question of why a species such as  Phaeodactylum tricor-
nutum,  that rarely occurs as a dominant in nature, is capable of taking over a culture 
from just about any other species in the laboratory is surely relevant if the goal is to 
understand the mechanisms of an ecological process like competition. Furthermore, 
Ward ( 2008 ) used NR gene probes and regularly detected  P. tricornutum  in environ-
ments where it was seldom found using more conventional methods. We have also 
learned much from the  P. tricornutum  genome and many of the genes and their 
organization appear “typical” of diatoms and even larger taxonomic groups (Bowler 
et al.  2008 ).  
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    Recent Advances and Emerging Challenges 

  Symbioses, communities, and communication.  The idea of organisms functioning 
within communities rather than as individuals complicates understanding of physi-
ology but, like the human microbiome “movement”, this also acknowledges realis-
tic and probably critical metabolic interactions. For example, bulk community 
measurements of NR activity make it diffi cult to partition N assimilation functions 
within complex communities, but genetic analysis can help (Alexander et al.  2015 ). 
In bacteria, similar concepts around organismal interactions have been examined 
for some time; for example the process of quorum sensing, whereby cell–cell com-
munication is mediated by small molecules such as  N -acyl homoserine lactone, 
allows populations to coordinate processes including biofi lm formation and toxin 
production (Dobretsov et al.  2009 ). 

 Only relatively recently has the ability of eukaryotic organisms to sense, exploit, 
and even disrupt such prokaryotic signaling for their own benefi t become clear (e.g. 
Joint et al.  2002 ). The degree to which marine eukaryotes communicate within popu-
lations or across the eukaryote–prokaryote boundary is poorly understood, but there 
are signifi cant physiological and ecological implications (Joint et al.  2002 ). As one 
illustration of tight interactions between eukaryotes and prokaryotes, diatoms can 
have both or either extracellular and intracellular symbiotic cyanobacteria. The cya-
nobacteria,  Richelia , is an N 2 -fi xing  endo symbiont of diatoms, showing genome 
reduction including loss of NR genes, relinquishing these nitrogen assimilation func-
tions to the host algal cell, but the closely related cyanobacterial genus  Calothrix  is 
an diatom  ecto symbiont but shows no similar genomic reduction (Hilton et al.  2013 ). 
In tight associations between diatoms and heterotrophic bacteria, cells may exchange 
ammonium and amino acids, as well as N-containing signaling molecules (Amin 
et al.  2015 ), so NR regulation in both cells may be infl uenced by this association. 

 Similarly, cell–cell biochemical interactions within algal-epiphyte communities 
and possibilities of extracellular regulation was an idea (Joint et al.  2002 ) that stim-
ulated our work on the potential of microbial populations and communities to cycle 
nutrients sequentially (Lee et al.  2015 ). Using molecular approaches incorporating 
community taxonomic analysis and both metagenome and metatranscriptome mea-
surements, we are now exploring nitrogen assimilation and transformations, includ-
ing diversity and expression of NR genes, to examine metabolic partitioning and 
collaborative metabolism within complex natural algal-bacterial communities 
(Zulkifl y et al.  2012 ; Young  2015 ). 

 In a broader conceptualization of associations between organisms, Lima-Mendez 
et al. ( 2015 ) examined oceanic plankton samples using metagenomics and targeted 
amplifi cations to develop interactive networks of symbiotic and parasitic associations 
between prokaryotes, eukaryotic cells, metazoans, and viruses across geographical 
spatial scales. Developing such “interactome” networks is facilitated by large research 
directives such as the Tara project (Lima-Mendez et al.  2015 ), and provide exciting 
opportunities to examine how organismal interactions are constrained and promoted 
by environmental variables. Their fi nding that nitrite concentration was one of the 
most important global abiotic factors infl uencing network patterns (Lima-Mendez 
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et al.  2015 ), suggests an important central role for planktonic NR in mediating or 
responding to environmental conditions. 

  After decades of reducing from organism to gene, we are now reassembling . 
Earlier work which focused on the NR protein and enzyme activity, often with an 
emphasis on cells cultured under controlled laboratory conditions, has provided a 
foundation for understanding NR function. But emerging technology and tech-
niques in genomics and community metagenomes and metatranscriptomes are now 
providing new and powerful perspectives and opportunities. The combination of 
transcriptomic and proteomics has proven powerful in addressing questions in indi-
vidual species. For example, Hockin et al. ( 2012 ) were able to provide evidence for 
post-transcriptional regulation of NR in  Thalassiosira pseudonana , and show that, 
unlike the case in many higher plants, nitrogen starvation caused an increase in 
glycolytic and tricarboxylic acid pathways, perhaps to provide C-skeletons in prep-
aration for anticipated N assimilation, or more carbon for fatty acid biosynthesis to 
support increases in lipid content. Applying this understanding, Levitan et al. ( 2015 ) 
showed that knocking down NR expression 40–50% in  Phaeodactylum tricornutum  
produced a comparable increase in lipid content, a fi nding with important implica-
tions for biofuels production. 

 Although some gene regulatory regions have been identifi ed in algal NR genes 
(e.g. Cannons and Cannon  2002 ), a remaining critical gap in integrating knowledge 
of NR is a real lack of understanding of general transcription factors in algal genomes, 
and in particular for NR gene regulation. A recent review of higher plant NR tran-
scription factors emphasizes the importance of nodule-inception-like proteins (NLPs) 
and nitrate-responsive elements (NREs) (Yanagisawa  2014 ); there is almost nothing 
known and little comparable work about such proteins in aquatic organisms. 

 The potential contribution of emerging genome, transcriptome, and proteome 
information to our understanding of organismal and community ecophysiology 
depends on an understanding of what organisms do (functional physiology), and 
therefore how they might interact within communities, and the potential constraints 
of nutrients and other resources in different ecosystems. A physiological under-
standing of how NR is regulated in response to light and external and internal nitrate 
and ammonium availability (e.g. Dortch  1990 ; Vergara et al.  1998 ; Young et al. 
 2007a ,  b ,  2009 ) is an important background for designing experiments utilizing 
powerful gene-based approaches. And in mixed communities, an understanding of 
how NR differs and is regulated across key groups of organisms (e.g. diatoms, chlo-
rophytes; Ghoshroy and Robertson  2015 ) can help us decide where to focus atten-
tion in metagenomes and metatranscriptomes (Alexander et al.  2015 ). 

 Genomic and transcriptomic data are also being complemented by proteomic 
approaches, providing new possibilities for more complex integration of genetic 
regulation, environmental responses, and functional diversity. Information on gene 
function is now facilitating examination of not only individual taxa but also popula-
tion level changes in proteins responding to environmental dynamics. For example, 
Saito et al. ( 2014 ) recently used proteomics to track the nitrogen response proteins 
NtcA and P-II and other peptides in  Prochlorococcus  populations in relation to 
nutrient availability across Pacifi c Ocean gyres. This approach offers unprecedented 
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insights into specifi c nutrient stress responses of cells across broad spatial scales 
and thus environmental gradients. Our understanding of the central regulatory role 
of NR in nitrogen assimilation makes it an excellent target for similar proteomics 
investigations. Expanding NR gene information for diverse taxa (e.g. Allen et al. 
 2005 ; Ward  2008 ; Ghoshroy and Robertson  2015 ) will provide tools to increase 
resolution of NR protein functional analysis in natural communities. 

 The next critical step will be to integrate genomic, transcriptomic and proteomic 
data, as well as biochemical measurements. This so-called “metabolomics” (which 
is surely a synonym for “physiology”) represents a return to requirements for more 
organism-based, functional understanding. In the same way that early genetic data 
came from a very few species and clones, and forced us to recognize the diffi culties 
in generalizing to broader taxonomic groups, we foresee a new approach requiring 
experts in different methodologies to contribute to a more holistic picture of organ-
ismal function. While traditional physiologists often study single “model” organ-
isms, aquatic ecophysiologists have rarely been able to afford such restrictions 
because they must be able to generalize across (functional) groups of taxa, and so 
they may have a key role to play in helping to manage this transition. 

  Practical applications.  There are also much more practical applications of 
knowledge related to NR. For example, development of the NR system as a biore-
porter involves genetically modifying an organism to show an observable response 
when NR transcription is induced, allowing it to be used as a sensor. Bioreporters 
have been used with some success, but these require knowledge about specifi c gene 
regulation, which we have for NR in only a limited number of algal taxa. However, 
it also takes considerable work to transform the reporter organism and achieve sta-
ble and reliable expression, e.g. diatoms transformed with NR regulatory regions 
and GFP reporter (Poulsen and Kröger  2005 ), and  Volvox carteri  transformed with 
NR gene promoter driving a luciferase reporter (von der Heyde et al.  2015 ). 
Fortunately, recent advances have been made in transformation of groups such as 
diatoms (Karas et al.  2015 ). Furthermore, reporter organisms are often chosen 
because they can be readily genetically transformed, and not for their ecological 
suitability, so choices need to be made carefully to provide useful information about 
how natural communities respond to nutrient stress (Bullerjahn et al.  2010 ). An 
application of an NR-based bioreporter could be to indicate changes in presence of 
nitrate and ammonium in biotechnology culturing or wastewater environments 
where switches between ammonium and nitrate may indicate changing balance of 
bacterial nitrogen transformation processes. 

 Another application involves use of NR to mitigate excess nitrate in soils or 
waters (e.g. Ntoko and Senwo  2012 ), a goal which has been pursued for decades 
commercially (e.g. the Nitrate Elimination Company,   www.nitrate.com/about_us    ). 
Such efforts have largely used bacterial and higher plant enzymes and have mostly 
resulted in products like test kits for nitrate rather than actual remediation protocols. 
But interest continues and NR within or from aquatic organisms, coupled with 
nitrite treatment options, would be a logical target for addressing excess nitrate in 
aquatic ecosystems.  
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    Conclusion 

 Much of our collaborative research has taken place at a time when we perceive that 
organismal biology and ecophysiology has been under-valued and under- represented in 
strategic research. Nonetheless, there have also been very exciting developments both in 
technology and in understanding. With the rise of “metabolomics” we can even antici-
pate a new “golden age” for integrated physiological exploration and understanding.     

    Erica B. Young and John A. Berges 

 Erica and John met at a European Phycological Congress in Germany. Seeing her 
conversing in Swedish, John concluded Erica was a Swede and later complimented 
her on her excellent, though Australian-accented, English! Returning to different 
hemispheres, they corresponded about science and life for 4 years before fi nally 
meeting again on the shores of Strangford Lough, Northern Ireland. A period of 
kelp nitrogen metabolism, Irish music, amateur theater, and Irish pubs followed. In 
2002 Erica was offered a faculty position (and John a spousal accommodation) at 
the University of Wisconsin-Milwaukee on the shores of Lake Michigan, where 
they started to explore freshwaters. The unexpectedly early arrival of their son Theo 
in 2003, with a rare genetic syndrome (www.m-cm.net/), changed their lives dra-
matically. Erica and John found their personal and professional partnership chal-
lenged by the demands of understanding and advocating for medical and support 
services. Against a backdrop of several years of little sleep, patchy child care, and 
regular hospital visits, they continued to balance research programs and teaching to 
meet tenure requirements. But both the family and professional successes have been 
all the sweeter for the struggles. One family contribution to science not noted on 
their CVs is a medical breakthrough clarifying the genetic basis of Theo’s syndrome 
in which the family’s genes featured anonymously (Rivière et al.  2012 ).   
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      The Ammonium Paradox of an Urban 
High- Nutrient Low-Growth Estuary                     

     Frances     Wilkerson      and     Richard     Dugdale   

          High-Nutrient Low-Growth Estuaries and Oligotrophication 

 Not all estuaries with high concentrations of nutrients exhibit elevated rates of pri-
mary production and phytoplankton biomass, symptomatic of cultural eutrophica-
tion. Some systems show the opposite symptoms with lower productivity and 
biomass than would be expected based upon nutrient input. For example, the San 
Francisco Bay-Delta (Bay-Delta) (Fig.  1 ) has been described as nutrient replete 
(Cloern and Jassby  2012 ) supplied largely by anthropogenic nutrient sources, espe-
cially wastewater effl uent from multiple treatment plants (e.g., Jassby  2008 ; Parker 
et al.  2012a ) and agricultural runoff. However, since the late 1980s there has been 
persistently low phytoplankton biomass (e.g., Cloern  1996 ) that is considered to 
have contributed to a decline in pelagic fi shes (the Pelagic Organism Decline, 
POD, Sommer et al.  2007 ). Measurements of annual primary production, especially 
in the northern estuary (e.g., Kimmerer et al.  2012 ; Parker et al.  2012c ; Wilkerson 
et al.  2015 ) are among the lowest rates of estuarine-coastal ecosystems of the world 
(Cloern et al.  2014 ) and place the estuary in the lower end of the oligotrophic cate-
gory developed by Nixon ( 1995 ), i.e., <100 g C m −2  year −1 . As such it is a high- 
nutrient estuary with low chlorophyll variously called high-nutrient low-chlorophyll 
(HNLC, Cloern  2001 ) or high-nutrient low-growth (HNLG, Sharp  2001 ). Here, we 
prefer to use the latter term to differentiate it from the more typical open ocean 
HNLC condition.
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   Prior studies in the Bay-Delta attributed the low standing stock of phytoplankton 
and low primary productivity to light limitation (Cole and Cloern  1984 ) resulting 
from high turbidity (Cloern  1987 ) and benthic grazing (Nichols and Thompson 
 1985 ) especially by the invasive Asian clam,  Potamocorbula amurensis  (Alpine and 
Cloern  1992 ). But,  P. amurensis  is unlikely to control spring phytoplankton blooms 
in the northern San Francisco Bay (that have been sporadically observed, Wilkerson 
et al.  2006 ; Dugdale et al.  2012 ) since it is abundant only in late summer and early 
fall (Greene et al.  2011 ). Generally, nutrients have been dismissed as a factor in the 
low productivity condition on the basis that concentrations never reach limiting or 
exhausted levels. However, paradoxically, elevated levels of NH 4  may contribute to 
the HNLG condition of the Bay-Delta in ways not fully appreciated.  

  Fig. 1    Map of the San Francisco Bay-Delta showing Suisun Bay (northern San Francisco Bay) 
where the data in Fig.  2  were collected, and location of the major wastewater treatment plant, the 
Sacramento Regional Sanitation District Wastewater Treatment Plant (Regional San) that dis-
charges into the Sacramento River that enters Suisun Bay       
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    Observation of an Ammonium Paradox 

 The traditional paradigm is that nutrient enrichment leads to eutrophication (the 
production of organic matter) but this is not the response in all estuaries (Sharp 
 2001 ). For example, Cox et al. ( 2009 ) observed low algal biomass in the Scheldt 
Estuary that was “contrary to expectations from the classical eutrophication 
response”. Similarly, Nixon ( 2009 ) described a low productivity response to ele-
vated nutrients in Narragansett Bay and termed it oligotrophication. Working with 
nearly 40 years of estuarine data for the Delaware Estuary, Yoshiyama and Sharp 
( 2006 ) observed primary productivity to decline exponentially with increasing NH 4  
concentration (>10 μmol L −1  NH 4 +) and attributed this effect to a shift in the form of 
DIN being used and leading to lower growth. They recognized that not all chemical 
forms of DIN result in the same outcome. The different metabolic response by phy-
toplankton to the different chemical forms of nitrogen (i.e., NO 3 ‒ versus NH 4 +) is the 
underpinning of the concept of new and regenerated production (Dugdale and 
Goering  1967 ). Elevated NH 4 + (from wastewater effl uent) was also implicated in 
depressed primary production (and lower uptake of nitrate, NO 3 ‒) along the 
California coast (MacIsaac et al.  1979 ), in the Saronikos Gulf of Greece (Dugdale 
and Hopkins  1972 ) and Wascana Creek, Canada (Waiser et al.  2010 ). 

 In the Bay-Delta, observations suggest a similar scenario with spring bloom sup-
pression accompanied by historic increased NH 4 + loading from sewage effl uent. 
Studies in the Bay-Delta during the 1960s and 1970s documented regular blooms 
that were associated with low NH 4 + concentrations and almost complete nutrient 
(NH 4 + and NO 3‒ ) drawdown by the phytoplankton (Ball and Arthur  1979 ). However 
the Bay-Delta is now HNLG although when favorable irradiance conditions occur, 
rare episodic blooms (e.g., Wilkerson et al.  2006 ; Dugdale et al.  2012 ) with elevated 
chlorophyll have been documented. The reported chlorophyll accumulation was 
accompanied by high rates of NO 3‒  uptake and low NH 4+  conditions (Dugdale et al. 
 2007 ; Wilkerson et al.  2015 ). The proposed mechanism for such bloom develop-
ment is that the well-known metabolic NH 4  repression of NO 3‒  uptake (e.g., Dortch 
 1990 ) is alleviated and the phytoplankton can access the larger component of the 
DIN pool in the Bay-Delta which is NO 3‒ . 

 As shown in Fig.  2 , to drive a sustained bloom of >25 μg L −1  as observed in the 
past (Ball and Arthur  1979 ) and in recent episodic events (e.g., Dugdale et al.  2012 ), 
the NO 3‒  needs to be accessed in addition to NH 4+ . To make 1 μg L −1  of chlorophyll 
typically requires 1 μmol L −1  N (for discussion and citations, see Dugdale et al. 
 2007 ,  2012 ), so using only ambient NH 4+  (typically peak values are ~10 μmol L −1 ) 
will yield chlorophyll concentrations of only <10 μg L −1 . Conversion from nutrient 
drawdown to phytoplankton biomass calculated in this way results in biomass accu-
mulation only with suitable physical conditions, such as low fl ow and favorable 
irradiance. Additionally, use of NO 3‒  could also result in twice the chlorophyll that 
can be produced from using only NH 4+ . In low-light treated enclosures containing 
water from the Bay-Delta and enriched with N, the ratio of chlorophyll increase to 
NO 3‒  drawdown was 2:1 compared to 1:1 with NH 4  (Glibert et al.  2014b ).
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   The concept of NH 4+  repressing NO 3‒  uptake in the Bay-Delta phytoplankton was 
explained as the “Ammonium Paradox” by Dugdale et al. ( 2012 ), similar to the char-
acterization of NH 4+  as a “paradoxical” nutrient repressing growth in higher plants by 
Britto and Kronzucker ( 2002 ). In the Bay-Delta scenario, NH 4+  prevents phytoplank-
ton from being able to access NO 3‒ , resulting in persistent low chlorophyll, lack of 
blooms and the export of unused NO 3‒  to the coastal ocean. Loading of NH 4+  into the 
Bay-Delta by the largest wastewater treatment plant has been increasing from ~5 tons 
NH 4+ -N in the 1970s to present-day levels of ~15 tons NH 4+ -N day −1  (Jassby  2008 ) 
with a concurrent increase in the proportion of NH 4+ :NO 3‒ . This NH 4+  adds to the DIN 
pool but is likely to yield less chlorophyll as it will restrict the NO 3‒  from being used. 

 If NH 4+  repression is relieved by a decrease in NH 4+  concentration to below some 
physiological threshold (e.g., by phytoplankton uptake, nitrifi cation, or dilution), 
the phytoplankton can accelerate their NO 3‒  uptake in response, and build biomass 
(i.e., chlorophyll) at a rate that outpaces grazing losses in a repeatable sequence. 
This sequence was observed in experimental enclosures (Dugdale et al.  2007 ; Parker 
et al.  2012b ), and at stations in the Bay-Delta during 2010 when NH 4+  loading was 
reduced and NO 3‒  drawdown occurred with a resultant spring bloom (Dugdale et al. 
 2012 ). NO 3‒  drawdown and uptake by the phytoplankton (as measured with  15 N 
tracers) did not start until NH 4+  concentrations were below a threshold of ~ 4 μmol 
L −1 . Then NO 3‒  uptake rates accelerated due to metabolic “shift-up” in NO 3‒  metab-
olism (e.g., Berges et al.  2004 ) and carbon uptake and chlorophyll concentrations 
increased. Wilkerson et al. ( 2015 ) recently showed the same predictable sequence to 
occur at a shallow shoal station in the Bay-Delta. In the fi eld, the sequence to access 
the available NO 3‒  is modulated by river fl ow conditions and residence time as well 

  Fig. 2    Relative concentrations of NH 4+  ( black ) and NO 3‒  ( gray ) making up the dissolved inorganic 
nitrogen pool in the northern San Francisco Bay, shown to demonstrate how more chlorophyll can 
be made when the ambient NO 3‒  (if it is available to the phytoplankton) is used compared to that 
using only ambient NH 4+        
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as continual inputs of NH 4+  from the wastewater treatment plants (Dugdale et al. 
 2012 ,  2013 ). 

 NH 4+  repression of NO 3‒  uptake may not be the only factor suppressing growth, 
as there may be additional negative physiological aspects of NH 4+ , e.g., failure of 
electron pathways to balance metabolism and redox (Glibert et al.  2016 ). Also, in 
estuaries or situations, where NH 4+  is the major source of N, the Ammonium 
Paradox does not apply. With suffi cient residence time, a bloom based on growth on 
NH 4+  would be expected to occur (e.g., Esparza et al.  2014 ).  

    Ammonium: The Gatekeeper Controlling Access to Nitrate 

 NH 4+  is proposed to act as a gatekeeper controlling the fl ux of NO 3‒  into the phyto-
plankton thereby driving phytoplankton growth rate and allowing biomass accumu-
lation. Through the metabolic repression of NO 3‒  uptake, NH 4+  impedes access by 
the phytoplankton to the more abundant pool of DIN (NO 3‒ ). Any factors that infl u-
ence NH 4+  concentrations or the drawdown of NH 4+  by phytoplankton will regulate 
the nutrient uptake sequence allowing NO 3‒  use and alleviation of the HNLG condi-
tion. We have developed a conceptual model applying a holistic approach in which 
abiotic and biotic variables control the NH 4+  concentration through changes in mass 
balance and uptake (Fig.  3 ), which in turn controls access of the phytoplankton to 
NO 3‒  depicted as a spring valve (although it is actually a kinetic effect, repression of 
NO 3‒  uptake by NH 4+ ).

   Parameters that would close the gate in the Bay-Delta are numerous and just 
some examples are considered here. High freshwater (or river) fl ow could supply 
more nutrients and make the system more sensitive to source NH 4+  concentrations 
by decreasing residence time and shortening the time available for phytoplankton to 
reduce ambient NH 4+ . Excessive fl ow would ultimately “wash out” the phytoplank-
ton population. Grazing will reduce the phytoplankton standing stock and limit their 
ability to absorb infl owing NH 4+  allowing NH 4+  concentrations to increase. Any 
factors that disrupt or change phytoplankton metabolism and impact NH 4+  uptake 
capability (e.g., unfavorable irradiance, toxic contaminants, availability of other 
nutrients such as phosphorus, silicate, iron, etc.) will also close the gate, as elevated 
ambient NH 4+  will not be drawn down to below threshold values. 

 Figure  3a  shows how available irradiance may act as a valve, with either too little 
light decreasing phytoplankton NH 4+  uptake or possibly too high being photo- 
inhibitory. A representative NH 4+  uptake versus irradiance curve measured in the 
Bay-Delta (inset Fig.  3a ) shows that either low or high irradiances could restrict the 
uptake of NH 4+  tipping the mass balance of NH 4+  and forcing the gate to close, stop-
ping the access to NO 3‒  (Fig.  3a , white arrow). Similarly, a toxic contaminant could 
negatively impact phytoplankton metabolism (e.g., herbicides, Blaser et al.  2011 ) 
and decrease NH 4+  uptake capacity, such that infl owing NH 4+  would be unused, 
closing the access gate to NO 3‒ . 
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  Fig. 3    Conceptual model showing how NH 4+  acts as a gatekeeper, controlling phytoplankton 
access to NO 3‒ . ( a ) NH 4+  gate is closed; i.e., fl ow of NO 3‒  to the phytoplankton is blocked ( white 
arrow ). High fl ow ( open white valves ) ensures there are elevated nutrients (pools— fi lled boxes  of 
NO 3‒  and NH 4+ ). Any one of a variety of valves (e.g., low/high light, contaminant toxicity) can 
close ( black solid valve ), shutting down phytoplankton uptake of NH 4+  thereby maintaining an 
inhibitory NH 4+  pool—keeping the gate closed. Inset shows biomass specifi c NH 4+  uptake versus 
irradiance in northern San Francisco Bay; i.e., how low and high light will decrease NH 4+  uptake, 
result in a closed “light” valve and close the gate to access NO 3‒

.  ( b ) NH 4+  gate is open; i.e., phy-
toplankton can access NO 3‒  ( solid gray arrow ) as all valves are open ( white ), i.e., there are favor-
able conditions for lowered NH 4+  concentration (e.g., fl ow, light, contaminants shown here). The 
gate ( spring valve ) is pulled back and NO 3‒  can be taken up       
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 To open the NH 4+  gate and access NO 3‒  (Fig.  3b ), all parameters (fl ow, light, 
toxic contaminants among others) need to be favorable. The open valves will ensure 
that NH 4+  will be drawn down to below threshold concentrations for NO 3‒  uptake 
and assimilation. With the gate open and access to NO 3‒ , enhanced NO 3‒  uptake 
results in increased biomass that overcomes grazing, sinking, and washout losses. 
Grazers return some NH 4+  to the NH 4+  pool via excretion and regeneration. The 
uptake of NO 3‒  by the phytoplankton will be similarly infl uenced by the same 
parameters as for NH 4+  uptake (e.g., light, contaminants, temperature, etc.) but since 
these were favorable for NH 4+  uptake, they should also allow maximal NO 3‒  uptake. 
Increased microbial nitrifi cation (NH 4+  oxidation) is thought to have lowered the 
NH 4+  levels in the drought spring of 2014 that opened the gate, enabling NO 3‒  access 
and a spring bloom (Glibert et al.  2014a ). 

 It is important to distinguish between direct effects on the gate brought about by 
anthropogenic loading which directly infl uences the ambient NH 4+  concentration, 
and the indirect effects that alter the NH 4+  concentration brought about by environ-
mental variables such as those described above (light, contaminants temperature, 
etc.). When NH 4+  loading exceeds the ability of the phytoplankton to absorb it, NH 4+  
increases and the gate closes. We suggest that in the Bay-Delta HNLG system, NH 4+  
concentration acts as an indicator of ecosystem condition, with tractable manage-
ment actions; e.g., NH 4+  loading could be lowered through regulation, unlike other 
challenging options such as grazing control or turbidity reduction. For example, in 
2010, practices resulted (by serendipity) in both lowered effl uent NH 4+  concentra-
tions and fl ow changes in the Bay-Delta that enabled a spring bloom (Dugdale et al. 
 2012 ). Reduced NH 4+  discharge by the major wastewater treatment plant, due to 
more advanced effl uent treatment, is planned for the future (in 2021) to meet vari-
ous water quality requirements. 

 Elevated NH 4+  and a closed gate for access to NO 3‒  indicate the potential for 
reduced phytoplankton biomass and productivity, but do not necessarily mean that 
NH 4+  inputs are the cause. A successful search for the proximate cause of the ele-
vated NH 4+  could allow an assessment of whether possible mitigation actions might 
exist. By understanding the role of NH 4+  as gatekeeper to the use of NO 3‒ , and the 
likelihood of phytoplankton blooms, it may be possible to manage the ecosystem to 
minimize the HNLG condition and improve production. Changed chlorophyll con-
ditions could be benefi cial in ameliorating the POD situation in the Bay-Delta. 

 Nutrient pollution and enrichment, long recognized as stressors for urbanized 
estuaries and coasts, are on the rise with increased population growth. The classic 
eutrophication paradigm is that excess nutrients will result in elevated phytoplank-
ton biomass, low oxygen, occurrence of HABs and other deleterious effects. 
Alternatively, with NH 4+  enrichment, oligotrophication may occur resulting in a 
HNLG condition. This chapter provides one mechanistic explanation for the HNLG 
condition in the Bay-Delta and relevant for other urban estuaries. The take-home 
messages are (1) ambient NH 4+  at elevated concentrations saturating for phyto-
plankton uptake may result in decreased phytoplankton production. (2) That DIN 
should not be considered in management decisions as a single nutrient pool that 
combines NH 4+  and NO 3‒ , but that the reduced and oxidized chemical forms should 
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be considered separately as they affect algal physiology differently. (3) There are 
interactions between nutrients, e.g., repression by NH 4+  of NO 3‒  uptake. (4) That 
some HNLG estuaries may in part be a consequence of the Ammonium Paradox 
with NH 4+  acting as a gatekeeper, controlling access to the greater DIN pool (of 
NO 3‒ ) to be used for growth, and environmental factors combining to set the gate 
open or closed. Here, the urban HNLG system has been simplifi ed to some extent 
(i.e., an NH 4+ -centric view) to purposely focus on one parameter that can be regu-
lated or managed—a knob that can be turned to alleviate such a condition if it was 
shown to be benefi cial. In the future, more data collection is needed along with 
appropriate nutrient parameterization in simulation models to offer a more compre-
hensive and holistic view of the HNLG condition in urban estuaries, with anthropo-
genic infl uence.     
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 We fi rst met in 1983 when Frances was giving a seminar at the University of Southern 
California (USC) on symbiotic jellyfi sh from Palau. Dick was intrigued that these jel-
lyfi sh were acting like large dinofl agellates migrating and using ammonium, and 
Frances wanted to ask him why she had linear nutrient uptake kinetics in her giant 
clam incubations. He suggested it was surge uptake, which was reported in the subse-
quent Marine Biology paper. Since Frances knew about jellyfi sh and Dick knew 
almost nothing about jellyfi sh, Dick then asked if she would like to go to Greece in his 
place and give an invited paper at the United Nations Environmental Program on jel-
lyfi sh, to which she agreed. So the next few weeks were spent putting together a paper 
on how the extensive jellyfi sh blooms observed in Greece might be part of a food web 
based on sewage derived nutrients and Frances headed off to Athens to present it! On 
her return she started as a Research Associate in his coastal upwelling research group 
at USC and learnt how to use N-15 isotopic tracers. Later Dick took her to a dinner/
lecture by Helen Kazantzakis (widow of Nikos Kazantzakis—the author of Zorba the 
Greek) and the next year we went to Greece, fi rst to work as consultants on the new 
Athens sewage outfall and then to visit the island of Paros. Next was a proposal (of 
marriage not science) in Venice, a Greek wedding in Pasadena, then a son Nicholas to 
accompany stepson Alexis, plus numerous papers usually based on nitrogen except 
for those on the silicate pump. We still visit Paros every summer where we write pro-
posals and papers and have hosted an AGU Chapman conference. Otherwise we are 
based near San Francisco as a team working still with phytoplankton and nutrients, 
both sewage related ammonium impacts and nitrate driven upwelling productivity.  
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      Why Is Planktonic Nitrogen Fixation So Rare 
in Coastal Marine Ecosystems? Insights 
from a Cross-Systems Approach                     

     Roxanne     Marino      and     Robert     W.     Howarth   

       Whether primary production in an aquatic ecosystem is limited more by nitrogen 
(N) or phosphorus (P) is a critical issue for management, and understanding the 
controls that lead to N versus P limitation is also a fundamental ecological and bio-
geochemical question. The microbially mediated process of di- nitrogen (N 2 ) fi xa-
tion brings new N into an ecosystem, and as such it is critical to understand the 
regulation and constraints on this process in the context of nutrient limitation, eutro-
phication, and the anthropogenic acceleration of the N cycle. We have long been 
intrigued by the paradox of how N limitation can occur and persist in some aquatic 
ecosystems (particularly coastal marine ecosystems) despite the fact that N 2 -fi xing 
cyanobacteria taxa are widespread and diverse, and therefore should have a substan-
tial competitive advantage when the availability of N is low relative to P and the 
cellular needs of plankton (Vitousek and Howarth  1991 ). In this paper we briefl y 
review a body of research we have published in collaboration with several col-
leagues, investigating the mechanisms of control on planktonic N 2  fi xation in lakes 
and estuaries using a cross-systems comparative approach and considering several 
hierarchical levels of control on N 2  fi xation from cellular and physiological to the 
ecosystem scale (Vitousek et al.  2002 ). 

 Nitrogen fi xation by planktonic cyanobacteria is a ubiquitous process in many lakes 
and tropical and subtropical ocean waters, yet it is largely absent as an ecosystem N 
input to estuaries and coastal marine ecosystems when the salinity is greater than 10 
ppt (Howarth et al.  1988a ; Marino et al.  2002 ; Paerl  1996 ). In aquatic ecosystems 
where it occurs, N 2  fi xation is often an important process, for instance helping to main-
tain P limitation or co-limitation of P and N in many lakes and in tropical and subtropi-
cal open oceans, as originally suggested by Alfred Redfi eld (Schindler  1977 ; Howarth 
and Marino  2006 ; Karl et al  2002 ). Many estuaries and coastal marine ecosystems are 
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moderately to strongly N-limited, making the lack of  planktonic N 2  fi xation and the 
general absence of heterocystous cyanobacteria in these systems all the more striking, 
and paradoxical in contrast to the often extensive blooms by N 2 -fi xing heterocystous 
cyanobacteria observed in nutrient-enriched lakes (Howarth  1988 ; Paerl  1996 ; Howarth 
et al.  2011 ; Howarth and Marino  2006 ). Several heterocystous taxa typical of freshwa-
ter blooms can grow in culture and fi x N 2  at salinities that span the range found in 
estuaries from oligohaline to full salinity seawater (Howarth et al.  1988a ; Paerl and 
Zehr  2000 ; Marino  2001 ), yet blooms are rarely observed in these systems despite 
favorable conditions of N depletion, ample available P, and a regular source of these 
organisms from freshwater and littoral areas to estuaries via rivers (Marino et al.  2006 ). 

 In the early 1980s, we began to investigate whether a low availability of the transi-
tion metal molybdenum (Mo) in seawater may contribute to the lack of planktonic N 2   
fi xation in estuaries (Howarth and Cole  1985 ). Very low Mo concentrations had been 
hypothesized as a factor limiting productivity in oligotrophic, N-defi cient Castle 
Lake by Goldman ( 1964 ), and Mo defi ciency had long been recognized as a con-
straint on production in agricultural systems. Molybdenum is required in the conven-
tional form of nitrogenase, the enzyme that catalyzes N fi xation and can be synthesized 
by all N-fi xing organisms. Vanadium (V)- or iron (Fe)-only alternative nitrogenases 
are possible but can only be synthesized by some N-fi xing organisms under highly 
Mo-defi cient or reducing conditions, and have a lower specifi c activity and less effi -
cient N 2  fi xation (Eady  1996 ). While alternative (non-Mo) nitrogenase activity has 
been demonstrated by some free-living terrestrial diazotrophs, these enzymes are 
highly unlikely to be important in marine waters, where Mo is an abundant trace 
metal (Bellenger et al.  2014 ). Our interest in molybdenum biogeochemistry grew out 
of our background in measuring sulfate reduction in salt marsh and estuarine sedi-
ments (Howarth and Teal  1979 ), where molybdate (at millimolar concentrations) is 
commonly used as a control to stop sulfate reduction. Molybdate (MoO 4  2− ) is the 
major form of Mo in oxic waters, and the stereochemistry of molybdate and sulfate 
(SO 4  2− ) are very similar; hence we asked if the large amount of sulfate in seawater 
might inhibit the assimilation of molybdate by cyanobacteria, and thus constrain their 
ability to fi x N 2  and form the large blooms typically observed in freshwater lakes 
under N-defi cient conditions. Previous studies had demonstrated an interaction 
between sulfate and Mo uptake in tomato plants, through the guts of animals, and in 
pure cultures of  Clostridium  (Howarth et al.  1988b  and references therein). 

 Ecosystem-scale, biogeochemical evidence indeed strongly indicates that the 
bioavailability of Mo is low in seawater compared to other trace metals, or com-
pared to Mo availability in freshwaters. The concentration of dissolved Mo in sea-
water is the highest for any trace metal, while the amount of Mo in plankton and 
seston is the lowest of the biologically important trace metals (Howarth et al. 
 1988b ). The ratio of particulate (seston) to dissolved Mo in seawater is 3.5 × 10 −5 , 
compared to ratios of 0.2 to 20 or more for bio-reactive metals such as iron, manga-
nese, zinc, copper, nickel, and cadmium. On the other hand, the ratio for Mo in 
freshwaters ranges from 0.4 to 1.6, indicating a high bioavailability (Howarth et al. 
 1988b ). In seawater, sulfate is the second most abundant anion after chloride, and 
sulfate concentrations are fi ve orders of magnitude higher than for Mo: 28 mM vs. 
0.11 μM for full-salinity water, whereas sulfate concentrations are far lower in 
freshwaters, typically ranging from 0.05 to 0.3 mM (Marino et al.  1990 ). 
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 While the concentrations of sulfate and Mo are conservative with salinity in oxic 
seawater, and so the sulfate to Mo ratio is essentially constant, salt lakes have a wider 
range of sulfate concentrations and sulfate to Mo ratios. In an empirical study of 13 
salt lakes in Canada where sulfate concentrations and dissolved sulfate to Mo ratios 
ranged from typical freshwater to nearly ten times full salinity seawater, we found 
that the only signifi cant variable which predicted the abundance of planktonic cyano-
bacteria and heterocyst numbers was the ratio of sulfate to Mo (Marino et al.  1990 ). 

 In the late 1980s, we performed a series of short-term Mo uptake studies and 
demonstrated a highly signifi cant inhibition of assimilation of  99 Mo-molybdate by 
sulfate in pure cultures of cyanobacteria and in ambient populations of plankton in 
both lakes and low-salinity Baltic Sea water (Howarth and Cole  1985 ; Cole et al. 
 1986 ,  1993 ). Originally, we attributed the results of these experiments to competi-
tive inhibition, and accordingly designed a series of experiments to test our hypoth-
esis, assuming that the effect of the inhibitor (sulfate) would be fully reversible by 
the addition of enough substrate (molybdate). We fi rst conducted a mesocosm 
experiment in collaboration with colleagues at the Institute for Ecosystem Studies 
and the University of Rhode Island, using Narragansett Bay water (salinity 29–32 
ppt) to which we added molybdate at levels we expected would largely offset the 
inhibiting effect of sulfate. Because planktonic, N 2 -fi xing cyanobacteria have not 
been observed in Narragansett Bay or other such saline estuaries, we added a small 
“seed” source of fi lamentous, heterocystous cyanobacteria from a seawater macro- 
algal nutrient “scrubber” system (Marino et al.  2002 ,  2006 ). The effect of the added 
Mo on cyanobacteria growth and N 2  fi xation was far less than we had predicted 
based on our kinetic studies (Marino et al.  2003 ). 

 In a follow-up microcosm-scale experiment, we added sulfate and molybdate at 
seawater concentrations to P-enriched pond water with heterocystous cyanobacteria 
that were actively growing and fi xing N 2 ; after 8 days of incubation under natural 
light conditions we found that sulfate inhibited N 2  fi xation, while chloride addition 
controls for ionic strength and salinity showed little effect. However, Mo at very 
high levels (10× seawater and 200× the ambient pond water concentration) did not 
fully reverse this inhibition (Marino et al.  2003 ). Our conclusion from these experi-
ments, and from a re-analysis of our previous kinetic data, was that the sulfate effect 
was not one of competitive inhibition of a single uptake enzyme, which would result 
in a common maximum uptake rate of Mo across a range of concentrations of the 
inhibitor (Fig.  1 ). Rather, we postulated that Mo uptake by these planktonic cyano-
bacteria might involve two or more uptake systems, activated in response to the 
environmental conditions. That is, when sulfate concentrations are low, a fast but 
low-specifi city enzyme can be used for Mo assimilation, but at higher sulfate con-
centrations, a more highly selective uptake system is needed to discriminate between 
molybdate and sulfate. This results in a higher energetic cost that can slow the 
growth rate of the cyanobacteria (Marino et al.  2003 ).

   Cellular and physiological constraints on growth rate would not alone prevent 
cyanobacteria from accumulating biomass and fi xing ecologically signifi cant amounts 
of nitrogen. Using a simulation model, we explored how growth rates may interact 
with mortality from grazing by zooplankton to control heterocystous  cyanobacteria 
populations and rates of N 2  fi xation in lakes and coastal marine ecosystems of the 
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Temperate Zone, in the absence of limitation by essential elements other than N and 
Mo (Howarth et al.  1999 ). Earlier, together with colleagues, we had demonstrated that 
high levels of zooplankton grazing can reduce rates of planktonic N 2  fi xation in fresh-
water ponds (Schaffner et al.  1994 ). Our model well-captured those freshwater pond 
results, and further predicted that even a modest level of grazing by zooplankton 

  Fig. 1    ( a ) Uptake of molybdate, normalized to chlorophyll, as a function of molybdate concentra-
tion for a culture of  Anabaena cylindrica , in the presence of 4 levels of sulfate ranging from oligo-
haline to full salinity seawater concentrations.  Vertical line  indicates Mo concentration in seawater. 
( b ) Eadie–Hofstee plot of the data in  a ;  R  2  values for linear regressions at each sulfate level: 2.1 
mM = 0.91, 8.1 mM = 0.97, 16.1 mM = 0.95, 32 mM = 0.90. Competitive inhibition of Mo uptake by 
sulfate would be indicated by the regression lines all having the same y-intercept, or maximum rate 
of Mo uptake at some saturating level of Mo. Modifi ed from Marino et al.  2003        
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could suppress blooms of N 2 -fi xing cyanobacteria over an approximately 2.5 month 
growing season, if intrinsic growth rates were signifi cantly slower than those observed 
in the freshwater experiments (Howarth et al.  1999 ). In our freshwater microcosm 
experiments discussed above, we observed a two- to threefold lower rate of both N 2  
fi xation and cyanobacteria growth as a result of adding seawater levels of sulfate to 
pond water with actively growing cyanobacteria (Fig.  2 ), in good agreement with our 
kinetic data which predict a 25–65 % reduction in Mo availability under seawater vs. 
typical freshwater conditions (Marino et al.  2003 ).

   Returning to mesocosms on the shore of Narragansett Bay, we experimentally 
tested this prediction that growth rate and grazing interact to highly constrain devel-
opment of populations of planktonic N 2  fi xers in estuaries, and so limit this mecha-
nism for alleviating N limitation. As for the previously described mesocosm 
experiment, a seed source of heterocystous cyanobacteria was added and nutrient 
conditions were highly favorable for planktonic N 2  fi xation (Marino et al.  2006 ). 
When macrozooplankton were present in numbers typical of Narragansett Bay, few 
if any N 2 -fi xing cyanobacteria were present. However, in treatments where we added 
zooplanktivorous fi sh to keep the zooplankton population very low, heterocystous 

  Fig. 2    Relative nitrogen fi xation ( dark bars ) and cell growth ( striped bars ) responses of  Anabaena  
spp. in a P-enriched, N-limited freshwater pond microcosm experiment to additions of either sul-
fate alone at seawater concentration (28 mM) or sulfate + Mo to seawater (0.1 μM Mo) and 10× 
seawater (1 μM Mo) concentrations. Bars are scaled to ambient freshwater pond (=1; 0.02 mM 
sulfate, 5.2 nM Mo). Salt Control maintained total equivalents of anion charge and total moles of 
cations constant with the sulfate addition treatments using chloride salts. The effect of sulfate on 
reducing N 2  fi xation (assayed by acetylene reduction) was highly signifi cant, as was the effect on 
cell growth rate, relative to the freshwater or salt control treatments. The addition of Mo to either 
seawater or 10× seawater levels only partially reversed the inhibition by sulfate. Further details are 
presented in Marino et al. ( 2003 )       
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cyanobacteria populations developed in the plankton and fi xed signifi cant quantities 
of N 2  over a 60- to 75-day period (Marino et al.  2002 ,  2006 ; Chan  2001 ; Chan et al. 
 2006 ). Morphologically, the cyanobacteria closely resembled  Anabaena , one of the 
three genera of heterocystous, N 2 -fi xing cyanobacteria that are typical of large 
blooms in meso and eutrophic lakes (Chan et al.  2006 ; Marino et al.  2006 ). Nitrogen 
fi xation rates per heterocyst were typical of those observed in freshwaters, but the 
size of the cyanobacteria bloom was quite limited and the mesocosms remained 
strongly N-limited (Marino et al.  2006 ; Chan et al.  2006 ). These results were consis-
tent with the Howarth et al. ( 1999 ) model predictions and the importance of consid-
ering how ecological (trophic) controls can interact and amplify single or multiple 
physiological constraints on ecosystem-scale N 2  fi xation in aquatic systems. 

 In addition to demonstrating that planktonic, heterocystous cyanobacteria can 
grow and fi x N 2  in a saline estuary if grazing mortality is relaxed, the mesocosm 
experiments and related freshwater work demonstrated that these cyanobacteria are 
more sensitive to grazing than are other phytoplankton, such as chain-forming dia-
toms (Chan  2001 ; Chan et al.  2004 ). Nitrogen fi xation occurs in heterocysts, special-
ized cells that protect nitrogenase from oxygen poisoning and do not produce oxygen 
from photosynthesis. As such, the energy needed for heterocyst differentiation, 
nitrogenase synthesis, and N 2  fi xation must be supplied by a suffi cient number of 
photosynthetic, vegetative cells in a cyanobacteria fi lament (Wolk et al.  1994 ). On 
average for the cyanobacteria fi laments in our mesocosms, 16 vegetative cells were 
needed to support the production and activity of one heterocyst (Chan et al.  2006 ), 
and the net growth rate was closely tied to overall mean fi lament length.  Anabaena  
populations in the mesocosms where grazers were present had short fi laments (aver-
age <16 cells) and so very few heterocysts; note that exogenous N to support cell 
growth was kept very low. Consequently both N 2  fi xation and the growth of the 
population in these treatments were highly suppressed relative to the no-grazer treat-
ments, where fi laments were signifi cantly longer. Grazing by generalist zooplankton 
such as the  Acartia tonsa  present in our experiments results in short, clipped fi la-
ments and thus has a disproportionate negative effect on further growth and N 2  fi xa-
tion by the cyanobacteria. Of interest,  Acartia  showed no preference for grazing 
diatoms over cyanobacteria, and consumed similar-sized chains of both equally 
(Chan et al.  2006 ). A revision of our 1999 model using our experimental and litera-
ture survey data on estuarine and freshwater growth rates further indicated a sharp 
nonlinearity in the response of fi lamentous cyanobacteria abundance to increased 
zooplankton biomass, as N 2  fi xation to support rapid cell growth was strongly lim-
ited by short fi laments and so insuffi cient numbers of heterocysts (Marino et al. 
 2002 ; Fig.  3 ). It is important to note that we are not postulating a systematic differ-
ence in generalized grazing pressure across freshwater and saline estuarine systems, 
as our model and experiments used typical macro zooplankton densities for both.

   Our Narragansett Bay mesocosms were enriched with P at loading rates similar 
to both those used for whole-lake experiments on ecosystem N 2  fi xation at the 
Experimental Lakes Area (ELA) in Canada, and also to the loading rates we used 
in some freshwater mesocosm (tanks identical to the seawater mesocosms) and 
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freshwater pond experiments (see Table 2 in Marino et al.  2006 , and references 
therein). In all of these experiments, the N:P ratio of inputs was well below the 
molar Redfi eld ratio of 16:1 and thus provided conditions that are considered con-
ducive for N 2  fi xation. These similarities in experimental design allow for some 
interesting comparisons in the responses of the freshwater vs. saline systems 
(Marino  2001 ; Marino et al.  2006 ). In the estuarine mesocosms, heterocyst numbers 
varied between 50 and 295 per ml when zooplankton populations were suppressed, 
and were very low (0–11 per ml) when zooplankton were present at densities typi-
cal of the natural system. Heterocyst numbers were far higher in the ELA experi-
ments, which had natural lake populations of zooplankton: 1800 to 3470 per ml. 
In freshwater mesocosms where zooplankton populations were suppressed as in the 
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  Fig. 3    Modeled sensitivity of heterocystic cyanobacteria abundance to interacting controls by 
growth rate (indicated as a percentage of freshwater maximum) and zooplankton biomass;  green 
shading  indicates freshwater and  blue shading  indicates estuarine system conditions. Model struc-
ture is presented elsewhere (Howarth et al.  1999 ). Actual magnitude of seasonal mean abundance 
( z  axis) is sensitive to initial conditions of DIP, DIN, and cyanobacteria cell numbers for a given 
model run (1 μM, 10 μM, and 240 cells ml −1  respectively for plot shown here), however the pro-
nounced nonlinearity of the response surface is unaffected. Modifi ed from Marino et al.  2002        
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Narragansett Bay experiments, heterocyst numbers exceeded 10,000 per ml, and in 
freshwater pond experiments with low zooplankton grazing, heterocyst numbers 
exceeded 34,000 per ml (Marino et al.  2006 ). Thus, although heterocystous cyano-
bacteria grew and fi xed N 2  in our Narragansett Bay experiments, the magnitude of 
the response was far less than has been observed to occur under similar (low graz-
ing, low N:P) conditions in freshwater experiments. This is consistent with our 
hypothesis of a systematic difference in gross growth potential for cyanobacteria 
between high (estuarine) and low (freshwater) sulfate systems due to a molybdate-
sulfate antagonism. 

 Phosphorus dynamics also differed between our estuarine experiments and the 
freshwater experiments (Marino et al.  2006 ). Over the individual Narragansett Bay 
mesocosm experiments, the average concentration of soluble reactive P (SRP) dur-
ing the experimental period ranged between 1.7 and 8.3 μM. Conversely, SRP con-
centrations were below the limit of detection in the ELA experiments, and averaged 
0.05–0.16 μM and 1.1 μM in the freshwater pond and mesocosm experiments, 
respectively, despite similar P loading rates (Marino et al.  2006 ). Accordingly, deple-
tion of available P may have eventually limited N 2  fi xation and the growth of plank-
tonic cyanobacteria in at least some of the freshwater experiments, but this was not 
the case in the estuarine experiments where N limitation was maintained throughout 
the experiments. These comparative results support that a slower growth of plank-
tonic cyanobacteria and lower N 2 -fi xation potential under saline estuarine conditions 
as compared to freshwater is unlikely to be due to system-specifi c differences in P. 

 We do not purport that sulfate antagonism of Mo availability is a single or an 
absolute constraint on nitrogenase synthesis or N 2  fi xation and cell growth under 
N-limited conditions in marine waters, but rather that it can be an important con-
straint on gross growth rate in saline (i.e. high sulfate) waters, which then can inter-
act with other factors to limit pelagic cyanobacteria blooms (Howarth et al.  1988b ; 
Marino et al.  2006 ). Blooms of heterocystous cyanobacteria are not uncommon in 
the oligohaline areas of the Baltic Sea (<10 ppt). At these lower salinities (and so 
sulfate concentrations), the inhibition of Mo assimilation is less severe, and cyano-
bacteria are able to grow fast enough to withstand moderate grazing by zooplankton 
(Howarth et al.  1999 ). In the very few estuaries where cyanobacteria blooms have 
been reported to persist at higher salinities such as the Peel-Harvey in Australia, 
often pronounced seasonal differences in precipitation and freshwater inputs result 
in wide fl uctuations in salinity, approaching 0 at the time of peak freshwater input 
but much higher at other times of the season. Cyanobacteria blooms in these 
 estuaries can initiate when the salinity is low, which in addition to favoring higher 
Mo availability is often a time of low grazing, since the freshwater excludes estua-
rine and marine grazers. Blooms can persist for a while as the salinity rises, but have 
not been observed to commence when the salinity is high (Lukatelich and McComb 
 1986 ; Jones et al.  1994 ). 

 Along with Mo, iron (Fe) is an essential micronutrient in the nitrogenase com-
plex and so can constrain cyanobacteria growth, particularly under N-limited condi-
tions. Early in our work, we recognized the importance of Fe (Howarth et al.  1988b ) 
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but chose to focus on the role of Mo in part because we viewed the latter as more 
novel, with the possible sulfate-Mo antagonism as an intriguing systematic difference 
on growth potential across freshwater and estuarine systems. Many factors affect Fe 
availability in natural waters, including inputs from land, oxidation level, complex-
ation by dissolved organic matter, and salinity. The latter likely affects Mo and Fe 
similarly, decreasing availability with increasing salinity in estuaries and coastal 
marine ecosystems (Howarth et al.  1988b ). High dissolved organic matter concentra-
tions and inputs of Fe from the watershed in many nutrient-impacted aquatic systems, 
including the Baltic, would likely lessen constraints on growth from Fe limitation. 

 Although our conceptual model focuses on the interaction of physiological and 
ecological constraints on the development of suffi cient biomass and so N 2  fi xation by 
planktonic cyanobacteria in estuaries, aspects of this construct are generally appli-
cable to benthic and epiphytic cyanobacteria as well. High rates of N 2  fi xation by 
attached benthic and epiphytic cyanobacteria often occur in shallow coastal marine 
ecosystems when suffi cient light reaches the bottom to support photosynthesis 
(Howarth et al.  1988a ). Grazing pressure on these cyanobacteria is perhaps low 
enough to compensate for slow growth from sulfate inhibition, although the proxim-
ity to reducing conditions in sediments likely increases the availability of both lower 
oxidation state Mo and Fe species (Howarth et al.  1988b ). We have observed moder-
ate to high rates of N 2  fi xation by epiphytic cyanobacteria associated with seagrasses 
in a shallow estuary on Cape Cod, MA, with the highest rates per blade area in por-
tions of the estuary where the abundance of animals that graze on epiphytes such as 
 Bittium  snails and amphipods is lowest (Reynolds et al.  2015 ; Marino et al., unpubl 
data). Results from a reciprocal transplant experiment across a nutrient- loading gra-
dient in this estuary suggest that grazing in this system may be a more important 
control on N 2  fi xation by epiphytes than bottom-up factors (Reynolds et al.  2015 ). 

 Our research summarized here has focused largely on the paradox of why plank-
tonic, heterocystous N 2 -fi xing cyanobacteria that can bloom spectacularly in lakes 
and some brackish waters and add signifi cant amounts of new N to those ecosys-
tems are so unimportant in nutrient-enriched, N-limited estuaries at higher salini-
ties. We have not explicitly studied the non-heterocystous cyanobacteria that fi x N 2  
in many areas of the oligotrophic, N-limited tropical and subtropical oceans, such 
as large, fi lamentous  Trichodesmium  or the unicellular diazotrophs. These species 
have high light requirements and low maximum growth rates, and their abundance 
is thought to be primarily controlled by low Fe and P bioavailability and a high 
energy requirement, in part due to necessarily rapid turnover of nitrogenase 
(Monteiro et al.  2010 ), although the inhibiting effect of sulfate on Mo uptake may 
also contribute (Karl et al.  2002 ). The availabilities of Fe and P are far higher in 
estuaries and coastal zones than in the open ocean, due to inputs from land, and 
water column light levels in general are lower due to shading by plankton blooms 
and more seasonality in temperate latitudes. Nonetheless, we believe our mecha-
nistic model for N 2  fi xation control by an interaction of grazing and sulfate as a 
factor slowing, but not preventing, the cells from meeting their Mo requirement is 
consistent with ecologically signifi cant N 2  fi xation by  Trichodesmium . A few, very 
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specifi c animals are known to graze on  Trichodesmium  (O’Neil and Roman  1994 ), 
but these are not generalist grazers as  Acartia  is in estuaries. Generalist grazers in 
subtropical gyres would be very small, adapted to feeding on the major primary 
producers in those waters, which are also very small, and would be unable to ingest 
the rather large  Trichodesmium  trichomes. The specialized grazers associated with 
 Trichodesmium  are not suffi cient to completely suppress blooms even with slow 
maximum growth rates and as such can constrain, but not eliminate N 2  fi xation. 
Of course, this argument would not seem to pertain to the very small unicellular 
fi xers such as    Synechococcus      sp., which are likely to be readily consumed by gen-
eralist grazers such as protozoa. We suggest that a closer examination of the factors 
controlling growth and mortality on    Synechococcus      would be extremely helpful in 
further elucidating this part of the ocean nitrogen fi xation story. 

 In summary, a variety of physical, biogeochemical, and ecological factors infl u-
ence the growth and rate of N 2  fi xation by planktonic cyanobacteria, yet few of these 
represent fundamental differences between freshwater and coastal marine ecosys-
tems and the observed dichotomy of response to N limitation. Our research supports 
the concept that the relative absence of heterocystous N 2 -fi xing cyanobacteria from 
the plankton of nutrient-enriched coastal marine systems at salinities greater than 10 
ppt is not the result of a single factor but rather the interaction of a biogeochemical 
constraint on growth (sulfate lowering Mo availability) coupled with an ecological 
control (grazing by generalist zooplankton). In our 1988 review, we wrote that “per-
haps the greatest uncertainty at present is how various biogeochemical factors inter-
act with each other and with other physical factors to regulate N fi xation” (Howarth 
et al.  1988b ). We are excited by  the continued research progress on these interact-
ing issues since that time, in terrestrial as well as aquatic ecosystems, and note an 
emerging confl uence of thought that large-scale patterns in the rates and importance 
of N 2  fi xation across ecosystems seem generally to be controlled by interactions of 
two or more factors—often including both ecological and biogeochemical ones—
rather than by any single factor (Vitousek et al.  2002 ; Karl et al.  2002 ; Monteiro 
et al.  2010 ). Still, many questions remain unanswered, and continued incorporation 
of updated mechanisms into ecosystem models is essential for understanding N 
limitation of primary production, as well as the likely consequences of continued 
human acceleration of the N cycle, particularly in heavily impacted areas such as 
the coastal zone.    
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      Where Light and Nutrients Collide: 
The Global Distribution and Activity 
of Subsurface Chlorophyll Maximum Layers                     
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          At the Confl uence of Light and Nutrients 

 Subsurface chlorophyll maximum layers (SCMLs) are contiguous regions of 
 elevated phytoplankton chlorophyll  a  (Chl a ) found beneath the surface mixed layer. 
Their distribution and persistence are important for understanding global carbon 
cycling, particularly with regard to their potential role in supporting secondary pro-
duction and export of carbon to the deep ocean (i.e., the biological pump). It has 
long been established that community composition within SCMLs can be distinct 
from those in the overlying surface layer, suggesting that a unique suite of drivers 
structure communities at these depths (Fairbanks and Weibe  1980 ; Venrick  1988 ). 
The specifi c mechanisms that regulate the community composition, distribution, 
and productivity of SCMLs can be variable through space and time (reviewed in 
Cullen  2014 ), but in general SCMLs are controlled by the opposing gradients of 
light supplied from above and nutrients supplied from below (Klausmeier and 
Litchman  2001 ; Cullen  2014 ). Switches between heterotrophic and autotrophic 
metabolisms, variable grazing pressure, and hydrodynamic processes can also infl u-
ence SCML structure and phenology, to a secondary degree (Tittel et al.  2003 ; 
Cullen  2014 ; Villareal et al.  2014 ). 
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 In the progressively darker waters beneath the surface mixed layer, light limitation 
elicits genotypic (photo adaptation) and phenotypic (photo acclimation) responses in 
phytoplankton communities. For simplicity, we have chosen photo  acclimation as an 
umbrella term to refer to both responses, although we recognize that each are impor-
tant. Photo acclimation has been well characterized across light gradients in culture 
(Geider et al.  1998 ) and in situ (Cullen  2014 ). The most prominent physiological 
response to diminished light is an upregulation of cellular pigmentation and this 
response can be substantial. Phytoplankton Chl a  to carbon biomass ratios (Chl a :C) 
can increase by up to a factor of 5 in the SCML, relative to surface waters, and becomes 
maximal at the bottom of the euphotic zone (Cullen  2014 ). In addition to changes in 
the quantity of light, the spectral quality of light also changes through depth. 
Phytoplankton residing in SCMLs are often chromatically adapted to their optical 
environment with accessory pigments that match the in situ light spectrum (e.g., phy-
cocyanin and Chl b ; Hickman et al.  2009 ; Malmstrom et al.  2010 ). 

 The relative importance of photo acclimation on observed changes in Chl a  through 
depth varies across a trophic gradient. In the most oligotrophic and clearest waters (Uitz 
et al.  2006 ), elevated chlorophyll at the SCML almost entirely refl ects a photo acclima-
tion response, with no matching increases in phytoplankton carbon at depth (Fennel and 
Boss  2003 ; Cullen  2014 ; Mignot et al.  2014 ). In stratifi ed waters that support a higher fl ux 
of nutrients, SCMLs are promoted at shallower optical depths (i.e., at depths with higher 
irradiance; Uitz et al.  2006 ), and the increase in Chl a  observed at the SCML is progres-
sively more associated with an increase in phytoplankton biomass (Cullen  2014 ). In 
eutrophic waters, variability in Chl a  through depth can nearly entirely refl ect variation in 
phytoplankton biomass, with nearly constant Chl a :C (Uitz et al.  2006 , Cullen  2014 ). 

 The various mechanisms that deliver nutrients to the SCML have implications for 
the distribution, persistence, and primary productivity of these layers. As discussed 
in later sections, the frequency and magnitude of nutrient fl ux to the SCML is impor-
tant for fuelling subsurface phytoplankton blooms with implications for rates of pri-
mary production. In stably stratifi ed waters, nutrients diffuse from below steep 
nutrient gradients (i.e., nutriclines) which develop in the pycnocline. Mesoscale 
cyclonic eddies in the oligotrophic gyres can also entrain nutrients to subsurface 
waters, promoting development of SCMLs (Seki et al.  2001 ). In coastal seas, a vari-
ety of local hydrographic and topographic features further infl uences local nutrient 
injections (Estrada  1996 ). Internal tides have been proposed to fuel nutrient fl ux to 
subsurface phytoplankton (Richardson et al.  2000 ), and additionally, episodic events 
driven by wind and nonlinear internal waves also appear to be important in fuelling 
nutrients to subsurface phytoplankton layers and may temporarily displace phyto-
plankton to higher light environments (Pannard et al.  2011 ; Williams et al.  2013 ).  

    Distribution of Marine SCMLs 

 Satellite measurements of ocean color have enabled estimates of ocean Chl a  con-
centrations with previously unprecedented coverage and resolution. As observed 
from space, the mean annual distribution of Chl a  concentration spans more than 
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two orders of magnitude, from the desert-like subtropical gyres to the fertile coastal 
oceans (Fig.  1a ). However, this view is limited because the optical properties detect-
able by satellites are restricted to the surface mixed layer. In most of the global 
ocean, suffi cient light passes through the surface mixed layer, systematically 
enabling phytoplankton growth in subsurface waters that are hidden from satellite 
view. Recognizing this defi ciency, empirical models were developed to predict the 
vertical distribution of Chl a  through the euphotic zone from surface Chl a  concen-
trations (Uitz et al.  2006 ). Using remotely sensed Chl a  data and these predictive 
relationships, we can extend satellite-based measurements through depth. To pro-
vide a more complete picture of its global distribution, we used surface Chl a  from 
Fig.  1a  to calculate the depth distribution globally. In Fig.  1b , we illustrate the maxi-
mum Chl a  concentrations in the euphotic zone. By contrasting Fig.  1a  against 
Fig.  1b , it becomes immediately evident that the vast majority of Chl a  in the oceans 
is not represented in satellite-based measurements.

   Satellite data can also enable a better understanding of the phenology of SCMLs. 
To the best of our knowledge, the potential distribution of SCMLs across the global 
ocean and through seasons has not been systematically presented in the literature. 
To predict the presence of an SCML, we used monthly climatological satellite and 
hydrographic data to quantify the fl ux of light that reaches mixed layer depths. 
Following the methods of Westberry et al. ( 2008 ), we use MODIS satellite data and 
mixed layer depths from the Fleet Numerical Meteorology and Oceanography 
Center (FNMOC) to map the monthly averaged light reaching the mixed layer 
depth. We defi ned regions as being capable of supporting SCMLs if the light at the 
mixed layer depth exceeds a minimum threshold required to sustain photoautotro-
phic growth. Previous fi ndings from intensive sampling have shown that subsurface 
Chl a  maxima can be maintained in light as low as 0.1 mol photons m −2  days −1  
(Mignot et al.  2014 ); we have taken a threshold of 0.5 mol photons m −2  days −1  
(~6 μmol m −2  s −1  over the full day) to be conservative.  Prochloroccocus  strains iso-
lated from SCMLs and grown at 0.5 mol photons m −2  days −1  can have division rates 
up to 0.3 days −1  (Moore and Chisholm  1999 ). The predicted occurrence of an SCML 
at each satellite pixel was calculated for each month, and the seasonal persistence 
was then expressed as a proportion (where 0 = never present and 1 = permanently 
present; Fig.  2a ). To show the seasonality of predicted SCMLs, in Fig.  2b  the daily 
fl ux of light reaching the mixed layer depth is shown for seven selected oceanic 
regions (white boxes in Fig.  2a ). The dashed line in Fig.  2b  (0.5 mol photons m −2  
days −1 ) represents our threshold to infer the occurrence of an SMCL.

   We found that over the course of a year, between 59 and 73 % of the ocean is 
predicted to support an SCML. With the exception of shallow coastal regions, and 
a narrow region of the equatorial divergence, SCMLs are predicted to be permanent 
features of tropical and subtropical regions. It is worth noting that even in these 
central regions, our analysis demonstrates a seasonal oscillation in light reaching 
the mixed layer depth. These predictions are well supported by long-term monitor-
ing records at the fi xed stations BATS and HOT and autonomous profi ling data of 
Chl a  fl uorescence from oligotrophic gyres (Letelier et al.  2004 ; Mignot et al.  2014 ). 
Progressing poleward, the light climate has stronger seasonality and SCMLs are 
predicted to occur for shorter durations. Additionally, less light is predicted to reach 

Where Light and Nutrients Collide…



144

SCMLs relative to the tropics. In arctic waters (shown here for 66–80°), our model 
predicts SCMLs persist for approximately 2.5 months each year. We caution that 
our estimates for polar waters may be less accurate than elsewhere because the 
FNMOC model is less reliable in the polar oceans. Nevertheless, recent measure-
ments from Canadian arctic waters consistently observed the presence of SCMLs 
between 14 and 32 m which are believed to be nearly ubiquitous and persistent 
throughout the ice-free period (Martin et al.  2010 ).  

  Fig. 1    ( a ) The annual average surface Chl a  as measured from space (MODIS Aqua monthly 
 climatology), and ( b ) the corresponding maximum Chl a  in the euphotic zone predicted by Uitz 
et al. (2006)       
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  Fig. 2    ( a ) The annual duration of subsurface chlorophyll maximum layers (SCMLs) calculated 
from the monthly climatology of light reaching the mixed layer depth (MLD).  White boxes  corre-
spond to the plots in ( b ) that show the mean monthly variations in light at the mixed layer depth 
for boreal ( top ) and austral ( bottom ) regions of the ocean. The dashed line demarcates the esti-
mated minimum light level at the bottom of the mixed layer that is required to support an SCML. 
ARC, Arctic Ocean; NA, North Atlantic; NP, North Pacifi c; NAG, North Atlantic Gyre; SPG, 
South Pacifi c Gyre; SP, South Pacifi c; SO, Southern Ocean       
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    Phytoplankton Production in SCMLs 

 During any given season, in approximately two-thirds of the global ocean, suffi cient 
irradiance penetrates beneath the surface mixed layer to support an SCML. Due to the 
constraints of lower light levels in the SMCL, primary production within this layer 
could conceivably be extremely low. We therefore sought to quantify the contribution 
of SCMLs to global net primary production (NPP). A variety of vertically resolved 
models have been constructed to predict global NPP (Saba et al.  2011 ). We chose the 
model of Westberry et al. ( 2008 ) because it takes into account physiological differ-
ences in phytoplankton between the surface mixed layer and the SCML, including 
photo acclimation (i.e., changes in Chl a :C) and the consequences of the nutricline 
depth. We used this model to predict the fraction of annual NPP that occurs beneath 
the mixed layer (Fig.  3 ). Overall, according to this model, SCMLs contribute 47 % of 
the global annual NPP. In the permanently stratifi ed regions, approximately 60 % of 
the annual NPP occurs within the SCML, although the degree of patchiness and vari-
ability in this proportion is notable. Moving poleward, the contribution of the SCML 
to annual NPP generally decreases to levels between 10 and 30 %, though again with 
notable patchiness, particularly in Arctic waters and the Southern Ocean. Estimates 
for the quantity of total water column productivity that are associated with the SCML 
in Arctic waters are also variable, ranging from a minor fraction (8 %; Arrigo et al. 
 2011 ) to a dominant fraction (76 %; Martin et al.  2012 ).

  Fig. 3    The fraction of annual net primary production that occurs beneath the mixed layer depth 
calculated using the model of Westberry et al. ( 2008 )       
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   Though NPP within SCMLs can be substantial, this metric alone undervalues the 
role SCMLs may play in carbon cycling. Global NPP models do not distinguish 
between new production (i.e., fueled by the injection of nutrients from below the 
euphotic zone) and recycled production (i.e., fueled by nutrients regenerated within 
the euphotic zone; Dugdale and Goering  1967 ). This distinction is important 
because new production provides an energy base for higher trophic levels and is 
proportional to carbon export to the deep ocean (i.e., the biological pump). During 
stratifi cation, SCMLs can intercept nearly all ascending nitrate arising from below 
the nutricline (Johnson et al.  2010 ; Martin et al.  2012 ). SCMLs may thereby act as 
fi lters, limiting the supply of nutrients to the surface mixed layer. Consequently, 
new production may be largely restricted to the SCML, while production in the 
nutrient-limited surface waters is mostly sustained by recycled production (Martin 
et al.  2012 ). At the same time, accelerated nutrient supply to the SCML enables an 
accumulation of carbon within this zone (Mignot et al.  2014 ) and so the mecha-
nisms and magnitude of nutrient delivery to SCMLs may be key drivers of new 
productivity across systems. Here, we explore marine literature that has examined 
primary productivity within SCMLs and highlight the mechanisms of nutrient deliv-
ery in the context of new production in three diverse systems. 

 In the permanently stratifi ed waters of the central oligotrophic gyres, deepening 
of the mixed layer even during the winter is insuffi cient to erode the nutricline, and 
surface phytoplankton blooms are absent. Below the mixed layer, SCMLs are a 
permanent feature of these gyres, and here they almost entirely refl ect elevated 
chlorophyll content (Mignot et al.  2014 ). Subsurface chlorophyll maxima have tra-
ditionally been modeled by tracking a fi xed percentage of surface insolation. 
However, it has more recently emerged that the depth of maximal Chl a  in SCMLs 
seasonally tracks fi xed isolumes (0.1–1.2 mol photons m −2  days −1 ), where an isol-
ume is a constant level of daily integrated light (Letelier et al.  2004 ; Cullen  2014 ; 
Mignot et al.  2014 ). These fi xed isolumes deepen from spring to summer, migrating 
downward into the nutricline (Letelier et al.  2004 ; Mignot et al.  2014 ). When 
SCMLs intercept the nutricline, particulate carbon accumulates, suggesting a sub-
surface phytoplankton bloom during this time. Although phototrophic primary pro-
ductivity is constrained by the low light at these depths, the carbon fi xed here likely 
represents a signifi cant portion of the new production (Johnson et al.  2010 ; Mignot 
et al.  2014 ). From summer to autumn, the isolumes shoal due to higher light 
 attenuation in the surface mixed layer, and particulate carbon within the SCML 
recedes once again and remains low until the following spring, suggesting that pri-
mary productivity for the rest of the year is largely sustained by nutrient regenera-
tion (Mignot et al.  2014 ). 

 In temperate oceans, spring blooms in the surface waters are an important feature 
of phytoplankton phenology and can supply a dominant portion of the annual new 
production. In some regions, however, annual surface primary production, including 
the spring bloom, appears to be insuffi cient to account for estimated rates of second-
ary production. In such regions, SCMLs, which appear seasonally (Fig.  2 ), have been 
proposed as an additional source of new production. For example, the Dogger Bank 
in the North Sea supports high densities of mesozooplankton and fi sh larvae, and is 
known for high fi sheries production. During stratifi cation, SCMLs are present at 
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around 30 m depth, but unlike in the oligotrophic gyres, direct measurements iden-
tify that these SCMLs are unevenly distributed horizontally and through time. This 
heterogenous distribution likely refl ects local variations in vertical mixing and vari-
able bottom topography (Richardson et al.  2000 ). Internal tidal pumping, sweeping 
from shallow to deep waters over a 2-week period, has been suggested as the mecha-
nism that injects a periodic supply of deepwater nutrients to the SCML (Richardson 
et al.  2000 ). Although primary production rates within the SCML are much lower 
than the surface spring bloom, these lower rates are compensated by their longer 
duration over the course of the stratifi ed season. In this area, subsurface blooms were 
estimated to fi x 24–48 gC m −2  year −1  while the spring bloom was estimated to fi x 
~20 gC m −2  year −1  (Richardson et al.  2000 ). As another example, in the Celtic Sea, 
seasonal SCMLs are reportedly responsible for 40–50 % of the annual water column 
primary productivity, where they fi x an estimated 10–19 gC m −2  year −1  (Hickman 
et al.  2012 ). Here, phytoplankton within the SCML are also demonstrably elevated in 
carbon relative to the surface waters (Moore et al.  2006 ), consistent with the idea that 
higher nutrient fl uxes to the SCML (as seen in these coastal temperate seas) enhances 
carbon accumulation in this layer. 

 In Canadian coastal arctic seas, freshwater inputs create a shallow mixing depth 
(14–32 m) and a strong pycnocline (Martin et al.  2010 ). Extensive surveys in coastal 
waters revealed nearly ubiquitous SCMLs during the stratifi ed open-water season. 
In these regions, the SCML is associated with a biomass (C) maximum (Martin 
et al.  2010 ). Within days after ice-out, a bloom of fast-growing phytoplankton 
exploits initially high nutrient concentrations, which become rapidly depleted from 
the mixed layer. Once the nutrients in the mixed layer are exhausted, phytoplankton 
biomass then proliferates within the SCML (Martin et al.  2010 ). Seasonally, the 
SCML proceeds downward, progressively consuming limiting nutrients beneath the 
surface mixed layer, until the pycnocline is destabilized by extensive deep mixing 
in the fall (Martin et al.  2010 ,  2012 ). The role of the SCML in fi ltering nitrate from 
deep waters in the Arctic may be immense, with potentially 98 % of the nitrate 
trapped at the SCML (Martin et al.  2012 ). During the development of the SCML, 
primary productivity is initially dominated by new production, but this is eventually 
replaced by a dominance of regenerated production which persists for the remainder 
of the ice-free stratifi ed season (Martin et al.  2012 ). 

 The observation that nutrient additions to the SCML stimulate phytoplankton 
blooms at these depths appears to be widespread. We conceptualize the SCML as a 
gradient environment (i.e., rather than a well-mixed reactor), where nutrients arising 
from below are progressively intercepted by phytoplankton, and light provided from 
above is progressively attenuated with depth. Within this framework it is possible 
that the phytoplankton within the SCML are co-limited by nutrients and light, such 
that an infl ux in nutrients stimulates phytoplankton growth rates. Mignot et al. 
( 2014 ) further postulate that when SCMLs progressively intercept the nutricline 
(i.e., when nutrient fl uxes to the SCML are increasing), phytoplankton division rates 
increase faster than grazing rates, and it is this escape from predation control that 
enables the SCML phytoplankton biomass to bloom. Recently, it has also been sug-
gested that nitrate-storing phytoplankton within the SCML, such as the mat- forming 
diatom  Rhizosolenia , may migrate upward in the water column following a pulse of 
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nutrients (e.g., from a mesoscale eddy; Johnson et al.  2010 ; Villareal et al.  2014 ). 
Nutrient translocation to the surface waters by phytoplankton may be quantitatively 
important for water column primary production budgets, but it does not explain 
enhanced primary production within the SCML. A robust conceptual model that 
resolves the mechanisms underlying changes in phytoplankton productivity within 
SCMLs, and the potential role of grazers, is still unresolved.  

    Subsurface Chlorophyll Maximum Layers in Lakes 

 The structure and maintenance of SCMLs in lakes largely parallels marine systems. 
As in marine systems, the contrasting gradients of light supply from above and nutri-
ents from below are primary drivers of the distribution of SCMLs (Klausmeier and 
Litchman  2001 ). Similarly, the degree to which the elevated Chl a  within the SCML 
refl ects photo acclimation versus elevated phytoplankton biomass likely also varies 
predictably along a gradient of trophic status (Cullen  2014 ). Photo acclimation can be 
entirely responsible for the elevated Chl a  at depth in oligotrophic waters (Barbeiro 
and Tuchman  2001 ; Hodges and Rudnick  2004 ), while elevated phytoplankton bio-
mass may be responsible for elevated Chl a  at depth in more productive waters (Abbott 
et al.  1984 ). As in the marine realm, phytoplankton assemblages within the SCML are 
chromatically adapted to the spectral qualities of their light environment (Silsbe et al. 
 2012 ). Finally, as in marine systems, the delivery of limiting nutrients to SCMLs in 
lakes during stratifi cation affects the metabolic activity of the phytoplankton residing 
there, potentially suggesting nutrient and light co-limitation within the SCML (Abbott 
et al.  1984 ). Lakes exhibit a large range in optical and nutritional properties across 
systems, and consequently, lakes may be particularly well suited for testing hypothe-
ses related to the mechanisms of how SCML productivity is regulated. 

 At times SCMLs in lakes have been demonstrably associated with elevated pri-
mary production (e.g., Abbott et al.  1984 ; Moll et al.  1984 ; Fahnenstiel and Scavia 
 1987 ). Yet generalities about the occurrence and magnitude of phytoplankton 
blooms below the epilimnion are lacking. The majority of published datasets are 
limited to ex situ incubations of surface waters, and measurements from deeper 
waters, when examined, are often susceptible to spectral bias. The contribution of 
SCML phytoplankton productivity to whole lake productivity may be substantial in 
clear-water lakes during stratifi ed seasons, but our understanding of their role in 
geochemical cycling is still evolving. 

 Because primary productivity within SCMLs in lakes can be elevated relative to 
the nutrient-starved epilimnion, phytoplankton production within an SCML may be 
important for lacustrine consumer production. The food quality of phytoplankton 
for zooplankton may be elevated within the SCML, and this can even be indepen-
dent of whether carbon is elevated within the SCML (Williamson et al.  1996 ). In a 
survey of 25 small temperate lakes, primary production derived from SCML phyto-
plankton was found to account for up to 80 % of total zooplankton production, with 
the greatest contribution by SCML primary production associated with the clearest 
lakes (Francis et al.  2011 ). 
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 The intersection of SCMLs with the sessile benthic suspension feeders may also 
be an important pathway linking primary production to secondary consumption. In 
Lake Ontario, for example, seasonal growth rates of the invasive Quagga Mussels 
( Dreissena bugensis ) were maximal when the SCML intersected the benthos 
(Malkin et al.  2012 ). Net positive growth rates of the Quagga Mussels were 
observed only in the spring, when an SCML was detectable in proximity to the lit-
toral zone benthos, suggesting that the nutritional subsidy provided by subsurface 
phytoplankton may be important on an annual basis (Malkin et al.  2012 ). Such 
benthic–pelagic coupling may in part explain the depth distribution of benthic fi lter 
feeders in other Laurentian Great Lakes. In Lake Michigan, for example, that 
 Dreissena  abundance is maximal within the 30–50 m depth interval (Nalepa et al. 
 2009 ) may refl ect a dependence on elevated sub-epilimnetic phytoplankton com-
monly observed during stratifi cation. A better understanding of the seasonal distri-
bution, persistence, rates of productivity, and nutrient delivery to SCML 
phytoplankton are needed to improve our general understanding of the role of sub-
surface phytoplankton in lake ecosystem functioning.     

  Acknowledgements   We wish to thank our past and present mentors, particularly Bob Hecky and 
Stephanie Guildford, for encouraging us through our careers. We also extend our appreciation to 
Sébastien Gardoll for a brief residency in Paris, to formulate the ideas that became this chapter. Data 
and the model code of Westberry et al. ( 2008 ) were obtained from the NASA-funded Oregon State 
University Ocean Productivity project  (  http://www.science.oregonstate.edu/ocean.productivity/    ).  

   Greg M. Silsbe and Sairah Y. Malkin 

 We met the day Sairah was interviewing for an M.Sc. position with Bill Taylor at the 
University of Waterloo. In the hopes of impressing her, I (Greg) informed her I had 
just returned from a CIDA-funded internship program on the tropical shores of Lake 
Victoria, East Africa, where I was soon to be returning as an M.Sc. student. And 
then, I proceeded to show her data tables of CTD profi les. Nevertheless, we would 
be dating a year later, and we remained at U. Waterloo, to pursue Ph.D.s in limnol-
ogy with Bob Hecky and Stephanie Guildford, supervisors whose wisdom and 
humanity has informed much of our careers. Bob had once suggested that if we 
wanted to better understand lakes, we should take a look at coastal oceans. We took 
this to heart, and so from U. Waterloo, we went on to pursue postdocs at The 
Netherlands Institute of Sea Research (NIOZ; with Jacco Kromkamp and Filip 
Meysman), living variously in The Netherlands, and then across the Schelde in 
Antwerp, Belgium (where the roads were worse, but the food was better). We were 
becoming increasingly specialized in the benthos (Sairah) and pelagia (Greg). 
Logically, our fi rst manuscript together would examine benthic-pelagic coupling 
(Malkin et al.  2012 ). After brief stops at the University of Georgia (Sairah; with 
Mandy Joye), and the University of Oregon (Greg; with Toby Westberry), we are 
now about to embark on faculty positions with the University of Maryland Center 
for Environmental Sciences (UMCES), Horn Point Laboratory. We are grateful to 
institutes that recognize the synergistic benefi ts of dual spousal hires, and we are 
looking forward to continuing our research careers together at UMCES.  
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An Ecosystem in Transition: The Emergence 
of Mixotrophy in the Arabian Sea

Joaquim I. Goes and Helga do R. Gomes

 Introduction

The multidisciplinary JGOFS program undertaken from 1994 to 1996 (Smith et al. 
1998) was able to establish that biological productivity in the Arabian Sea (AS) was 
largely driven by monsoonal winds, which caused upwelling and fertilization of its 
normally nutrient-depleted euphotic zone. This multinational study established that 
the huge summer-time increase in biological productivity predominantly off the 
coast of Somalia, Yemen, and Oman resulted from Ekman forced upwelling of 
nutrient-rich, subsurface waters, whereas in winter, the large increase in biological 
production was the result of nutrient enhancement from convective mixing. During 
these two periods of high primary production, phytoplankton communities were 
dominated by large diatom blooms, which also were responsible for the high 
amounts of C export (Banse and McClain 1986; Garrison et al. 2000). In contrast, 
prior to and following the winter monsoon, both periods of low nutrient concentra-
tions, surface waters were dominated by autotrophic picoplankton Prochlorococcus 
and Synechococcus and measured C export efficiencies were significantly lower.

Post-JGOFS, because of the rise in piracy and the difficulty of mounting ship-
board cruises to the region, most recent estimates of phytoplankton biomass (esti-
mated as Chl a), phytoplankton productivity, and C export have come from 
satellite-based observations (Goes et al. 2005; Gomes et al. 2008; Lévy et al. 2007), 
small targeted area-specific shipboard cruises (Al-Azri et al. 2007; Gomes et al. 
2008, 2009; Gomes et al. 2014; Dwivedi et al. 2015), or coupled biophysical models 
(Wiggert et al. 2005). One such study (Goes et al. 2005) based solely on satellite 
data was the first to show that the AS was becoming more productive during sum-
mer due to intensification of the southwest monsoon winds. The authors were able 
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to establish that the loss of snow cover in the Himalayan-Tibetan period during
winter was causing the southwest summer monsoon winds to intensify and escalate 
coastal upwelling, which in turn was causing a large increase in phytoplankton 
biomass during the summer monsoon.

More recently using shipboard and satellite data, Gomes et al. (2014) were able 
to demonstrate that the northern AS was experiencing a weakening of winter con-
vective mixing, implying a potential decline in the input of subsurface nutrients 
to the euphotic column. However, contrary to this observation, satellite-derived
Chl a concentrations revealed that the AS was becoming more productive in winter, 
raising questions about this apparent anomaly.

 Materials and Methods

 Arabian Sea Cruises and Sample Collection

Samples for this study were obtained from four cruises on board the Indian Research
vessels RV Sagar Kanya and FORV Sagar Sampada to the AS conducted from 
between the months of February and March in 2009, 2010, and 2011. On board 
seawater samples were collected with a 5-L Niskin® sampler mounted on a Sea Bird 
Electronics® CTD Rosette using prescribed clean techniques. Calibrated sensors on
the CTD provided vertical profiles of salinity, temperature, and dissolved O2. The 
salinity sensor was calibrated against Autosal® Salinometer measurements, while 
the dissolved O2 sensor was calibrated against measurements using the Winkler and 
colorimetric end point automated titration procedures in seawater samples from 
discrete depths. From 2009 onwards, dissolved O2 was measured exclusively 
by the Winkler method with high-precision amperometric end point detection 
(Langdon 1984).

 Phytoplankton Cell Counts

Microscopic identification and enumeration of phytoplankton were undertaken 
in samples fixed with 1 % Lugol’s iodine in 3 % buffered formaldehyde solution 
and stored in cool and dark conditions for cells to settle. Prior to microscopy, 
samples were concentrated to 5–10 ml by siphoning out the top layer through a 
10 μm Nitex® filter wrapped around the tip of a thin tube. Replicates of the
concentrated sample were transferred on to a Sedgwick-Rafter® slide and cell 
numbers were enumerated with an Olympus Inverted microscope (Model IX 
50) at 200× magnification. Identification of phytoplankton was based on stan-
dard taxonomic keys (Tomas 1997), and was in most cases undertaken up to the 
species level. Historic phytoplankton data was downloaded from the Open
Access library PANGAEA.

J.I. Goes and H.d.R. Gomes
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 Photosynthetic Rate Measurements

The photosynthetic competency of natural Noctiluca-dominated populations of 
phytoplankton in this study was measured using a Kimoto® Fast Repetition Rate
Fluorometer (FRRF). The FRRF has two optical chambers for measurements of
actinic light-induced fluorescence under dark and ambient light conditions. The 
light chamber is equipped with a dichroic cyan filter that prevents the red wave-
lengths of ambient light from penetrating the chamber. This design allows for accu-
rate measurements of red fluorescence signals, even under strong ambient light in 
near-surface waters. Chl a fluorescence transients were obtained using a single- 
turnover protocol as in Fujiki et al. (2008) which allows for variable fluorescence 
normalized to maximum fluorescence (Fv/Fm; unitless), the functional absorption 
cross section of photosystem 2 (σPSII; units of (A2 quanta−1)), and the turnover time 
of the primary PSII electron acceptor Qa (τQa), conducted in the light and dark cham-
bers. Fluorescence response data obtained were fitted to the model of Kolber et al. 
(1998) from which the photosynthetic parameters Fo, Fm, Fv/Fm, σPSII, and τQa were 
calculated. For each parameter, values were derived for both dark and ambient light 
conditions, and the latter corresponds to F′, Fm′ Fq′/Fm′, and σPSII which can be used 
to estimate the chlorophyll a (Chl a)-specific gross primary productivity (PB) by 
phytoplankton using the equation

 P qP f n e SB = ´ ´ ´ ´ ´ ´PAR ,PSII PSIIs j  

of Kolber and Falkowski (1993), where PAR is the ambient irradiance; nPSII the ratio of 
PSII reaction centers (RCII) to Chl a; f the fraction of RCII that are capable of evolv-
ing oxygen (O2), also known as the “functional” state and assumed to be (Fv/Fm)/0.65; 
qP the photochemical quenching coefficient, which is a measure of the fraction of open 
RCII; φe the quantum yield for oxygen evolution; and S a scaling factor.

Quantum yields and photosynthetic efficiencies of bulk Noctiluca-dominated 
phytoplankton populations and of two other size classes of phytoplankton (i.e., 
nanoplankton (<20 μm) and picoplankton (<3 μm)) were measured using a “photo-
synthethron.” This temperature-controlled incubator allows measurements of 
14C-NaHCO3 uptake-based photosynthesis against a gradient of light (Lewis and 
Smith 1983) that can be used for estimating photosynthetic rate parameters (α—a 
measure of photosynthetic efficiency indicated by the initial slope of the P vs. E 
curve, Pmax—the maximum photosynthetic rate of a population, and β—the photo-
inhibition parameter).

 Autotrophy Versus Heterotrophy in Noctiluca

Measurements of the growth rates of Noctiluca were made separately in deck incu-
bators for 96 h to assess the relative importance of internal nutrition from endosym-
bionts and external phagotrophy for growth of N. scintillans. Groups of ten cells of 
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Noctiluca were incubated in 70 ml tissue culture flasks under reduced sunlight (see 
above) or in darkness (flask wrapped in aluminum foil) in either 0.45 μm Nybolt 
membrane-filtered seawater (no food) or whole seawater with natural plankton 
assemblage increased to five times the normal concentration (food) by gentle reverse 
filtration through a 20 μm mesh. Ambient nutrient concentrations in these experi-
ments ranged from 0.37 to 0.66 μM for inorganic nitrate, 0.20 to 0.38 μM for inorganic 
phosphate, and 1.99 to 5.09 μM for silicate. Parallel experiments were performed in 
which nutrient concentrations within the tissue culture flasks were enhanced with 
17.6 μM inorganic nitrate and 0.7 μM inorganic phosphate. At the end of the incuba-
tion period, cells were counted using an Olympus SZX10 stereomicroscope. 
Specific growth rates (μ day−1) were calculated as the natural logarithm of the num-
ber of cells present at the end of the experiment minus the natural logarithm of the 
number of cells at the beginning of the experiment divided by the duration of the 
experiment in days. Although Noctiluca is capable of cannibalism which could 
compromise growth rate estimates, it is mainly a problem when Noctiluca densities 
are high and food is scarce. Our experiments had only ten cells per culture flask. In 
addition we observed the light treatments with and without food daily and found no 
increase in Noctiluca numbers followed by a decline as would be expected if initial 
growth followed by cannibalism after starvation or food depletion occurred.

 Salp Grazing Experiments

Clean 10 L buckets were used to collect surface N. scintillans bloom populations. 
Triplicate samples of 50 ml were filtered onto GF/F glass fiber filters and immedi-
ately transferred into a liquid nitrogen Dewar for HPLC measurements of pigment
concentrations at time zero. Live salps were collected separately from which single 
adult salps were carefully picked, and transferred into filtered seawater for about 2 
h to empty their guts and then into the buckets containing the Noctiluca bloom. 
After a 4-h incubation period when the buckets were incubated in running seawater 
in the dark, 50 ml samples were collected in triplicate for post-incubation pigment 
analysis by HPLC (Bidigare et al. 2002). In addition the fecal pellets that were 
formed were carefully picked and placed in petri dishes.

 Lipid Accumulation in Noctiluca

Lipid accumulation within Noctiluca was studied by staining the lipids with the red 
lysochrome azo dye, Sudan Red G. Staining of lipid droplets requires the cells to be
fixed immediately with 2.5 % glutaraldehyde (15 min), followed by rinsing the cells 
with deionized water to rid the sample of excess glutaraldehyde. The cells were then 
transferred to 60% isopropanol. When stained with Sudan Red G, lipid droplets can
be viewed as red globules under a light microscope.
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 Statistical Analysis

The hydrological and chemical conditions under which Noctiluca thrived were 
established with the help of principal component analysis using the statistical pack-
age PRIMER® ver. 6 (Clarke et al. 2005). PRIMER® is ideal for ecological data sets 
that have a combination of biotic, chemical, and physical parameters. In particular, 
it was designed for use with biotic data in which there are a very large number of 
species, and most species are present infrequently across samples. The significance 
of differences among treatments and within treatments for the grazing experiments 
was assessed using Kruskal-Wallis one-way or Friedman’s two-way ANOVA. Both 
these methods assume non-normal distribution of the data.

 Results and Discussion

 Emergence of Noctiluca and Shift in Phytoplankton Biodiversity 
in the Arabian Sea

Starting from 2003 onwards, data from cruises in the AS by our colleagues in India 
(which we were able to join from 2009 to 2011) established that the composition of 
winter blooms in the AS had changed drastically from those sampled during the 
JGOFS era. The data also provided an answer to the contradictory situation of 
increasing blooms in spite of a weakening of convective mixing which implies a 
decrease in nutrient inputs. These datasets, in particular those on phytoplankton 
taxonomy (Parab et al. 2006; Gomes et al. 2008, 2009; Gomes et al. 2014), collected 
as part of the validation program of Indian Space Research Organization’s ocean
color satellites, OCEANSAT-I and -II (Dwivedi et al. 2015), showed that the north-
ern AS was experiencing a startling shift in the composition of winter-time phyto-
plankton blooms, from diatoms to those of green Noctiluca (Gomes et al. 2014). 
These taxonomic datasets revealed that this shift in bloom populations occurred 
around 2000. Earlier satellite ocean color and altimetry based studies helped show 
that Noctiluca blooms appear first off the coast of Oman in the month of November 
and with the aid of mesoscale eddies start shifting eastward as the season progresses, 
leading to their dispersal over the AS by early February (Fig. 1a–f). By mid- 
February, Noctiluca blooms engulf the entire northern AS (Gomes et al. 2008, 
2009). Since they were first detected, Noctiluca blooms have become increasingly 
pervasive and widespread, throughout the AS occurring with remarkable consis-
tency every year from December to mid-March (Parab et al. 2006; Gomes et al. 
2008, 2009, Gomes et al. 2014; Thibodeau et al. 2014; Werdell 2014; Werdell et al. 
2014). The Noctiluca bloom of 2015 was the thickest and largest on record, cover-
ing an area ~1.8 × 106 km2 almost thrice the size of Texas (Fig. 1f).

Detailed historic taxonomic records (Krey et al. 1971; Piontkovski 2002), avail-
able for the winter monsoons of 1965 and 1972, show no indication of Noctiluca 
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even as a minor component of the winter phytoplankton community. Similarly, 
taxonomic data from all earlier winter monsoonal expeditions such as the British 
ARABESQUE program in 1994 (Burkill 1999), the US JGOFS Expeditions from 
1994 to 1996 (Garrison et al. 2000; Smith 2005), and the Indian JGOFS effort in 
1995 (Sawant and Madhupratap 1996) do not cite Noctiluca as a component of the 
winter phytoplankton community, but instead show diatom dominance. Instead dur-
ing all these cruises, diatoms were the dominant bloom-forming group fuelled by 
nutrient inputs from winter convective mixing (Banse and McClain 1986). Research
undertaken during the JGOFS revealed that diatom blooms significantly influenced 
grazing (Landry et al. 1998; Smith et al. 1998; Caron and Dennett 1999) and C 
export (Garrison et al. 2000).

 Environmental Factors Associated with Outbreaks of Noctiluca 
Blooms

Gomes et al. (2014) observed that Noctiluca thrives in waters that are under- 
saturated with respect to oxygen; and in shipboard experiments were able to show 
that endosymbionts of Noctiluca fix carbon more efficiently under suboxic condi-
tions as compared to normal oxygen conditions. A synthesis of all available cruise 

Fig. 1 (a–f) NASA’s MODIS-Aqua monthly composite images of Chl a in the Arabian Sea 
showing the spatial expanse of Noctiluca blooms in February of 2010, 2011, 2012, 2013, 2014, 
and 2015
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data does indeed confirm that Noctiluca has a propensity low-oxygen waters 
(Fig. 2a–c).

In October and November, prior to their appearance as surface blooms, Noctiluca 
cells are generally found at depth, close to the oxycline, oxygen levels are low 
(<3.5 ml L−1) and nutrient levels high (Gomes et al. 2014). Photosynthesis-irradiance 
(P-E) experiments (Lewis and Smith 1983) revealed that the endosymbionts within 
both subsurface and surface populations of Noctiluca are indeed photosynthetically 
most efficient at incident irradiance levels of ~250 μE m−2 s−1, lower than surface 
irradiance and closer to subsurface light intensities (Gomes et al. 2014) (Fig. 3a, b). 
At higher light intensities, the photosynthetic performance of Noctiluca cells 
declined sharply, seen in the form of a reduction in maximum quantum yield of 
photochemistry in PSII (Fv/Fm) and 14C-based carbon fixation rates (Figs. 3c, d and 
4a–c). This is paradoxical given that for at least 2 months later during the winter 
monsoon, Noctiluca exists as thick blooms at the surface where ambient light levels 
are sometimes five to six times higher than their optimal conditions, and oxygen 
levels are close to saturation.

Microscopic analysis invariably revealed large numbers of diatoms in the food 
vacuoles of surface-dwelling populations of Noctiluca, in contrast to subsurface 
populations, which were generally devoid of ingested diatoms (Fig. 5a). These 
observations lead us to hypothesize that Noctiluca can thrive under high light and 
saturated O2 at the sea surface in the AS because of their switch to a substantial 
dependence on heterotrophy.

Preliminary feeding experiments conducted on the 2011 cruise allowed us to 
observe a highly complex feeding behavior in Noctiluca because of its mixotrophic 
adaptation (Gomes et al. 2014). In a mixed bloom of diatoms and Noctiluca,  diatoms 
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were rapidly grazed by Noctiluca. When grown in the dark with or without food, 
Noctiluca rates were much lower than in the light, indicating the importance of the 
autotrophic endosymbionts for their growth. When nutrients were added to the “No 
Food” set of bottles, growth rates were significantly enhanced over controls rein-
forcing the view that Noctiluca can meet its metabolic needs via its autotrophic 
endosymbionts. If however extraneous food and light were available, growth rates 
of Noctiluca were comparable to treatments with only nutrients and light indicating 
that Noctiluca can also sustain its growth via phagotrophy. The lack of any further 
increase in growth rates, when nutrients were added to flasks containing food and 
exposed to light, suggests that when food is available, Noctiluca is capable of meet-

Fig. 3 Profiles of (a) PAR, (b) fluorescence-derived Chl a, (c) rates of photosynthesis, and (d) 
Fv/Fm obtained with a profiling FRRF, at a typical Noctiluca-dominated station in the Arabian Sea
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ing a large fraction of its metabolic requirements via phagotrophy. Conversely, 
when food becomes scarce but nutrients are available, Noctiluca meets its metabolic 
needs via carbon fixation by its autotrophic endosymbionts.

Furthermore, Noctiluca did not appear to be a preferred food source for both 
micro- and mesozooplankton possibly because of its large size (Fig. 5b). Instead, its 
major consumers were salps and jellyfish (Gomes et al. 2014). Clearance rates of 
200–800 ml per hour were estimated for the salp Pegea confoederata, suggesting 
that high concentrations of salps (up to hundreds of zooids per m2) (Fig. 5c) could 
rapidly consume dense aggregations of Noctiluca. Using pigments as a measure of 
food consumed in the first 3 h, a single salp could remove on average 71 % of Chl a 
(average decrease from 11.23 to 3.3 μg/L) and 78 % of Chl b (average decrease from 
6.5 to 1.4 μg/L) from seawater dominated by Noctiluca cells with the deposition of 
large pellets. This short-circuiting of the food web brought about by the emergence 
of Noctiluca is consistent with the idea that when a system is dominated by mixo-
trophs, its food chain is much shorter and its trophic structure fundamentally differ-
ent from the traditional planktonic food web in its flow of energy and cycling of 
nutrients (Mitra et al. 2014).

 Noctiluca and Mixotrophy

There are many mixotrophic phytoplankton, particularly dinoflagellates, some that 
have permanent chloroplasts, others that can sequester (steal) chloroplasts, and a 
third group that forms symbioses with algae (Hansen 2011; Stoecker et al. 2009). 
However few have a permanent and independent, free-swimming endosymbionts as
observed in green Noctiluca, which makes it particularly unique. Most mixotrophs 
have permanent chloroplasts and the host retains full control of the chloroplast 
repair and division (Hansen 2011). There are cases of permanent symbiosis of dino-
flagellates with diatoms, but there is no evidence that these species are truly mixo-
trophic (Hansen 2011). Other open-ocean mixotrophs such as planktonic 

Fig. 5 (a) Microscopic image of surface-dwelling populations of Noctiluca showing the presence 
of ingested diatoms (arrow) in the food vacuoles. (b) Noctiluca cell depicting its large size (up to 
1 mm in diameter) shown side by side of an amphipod. (c) Close-up of a salp after feeding on 
Noctiluca. Arrows showing Noctiluca cells ingested by salps
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foraminifera and radiolaria have algal endosymbionts that are coccoid and each is 
enclosed in a cytoplasmic vacuole (symbiosome) that is under the control of the 
host (Lee and Anderson 1991; Anderson 2014).

Although the permanence of Noctiluca’s endosymbionts (Sweeney 1976; Furuya 
et al. 2006a; Harrison et al. 2011) and its mixotrophic nature have been established 
(Gomes et al. 2014), there is limited understanding of the complex relationship 
between Noctiluca and its green endosymbionts or the role of exogenous food in its 
growth and transfer of C and N. One of the first reports by Sweeney (1971) based 
on a strain of green Noctiluca isolated from coastal New Guinea showed that it 
could survive and divide in the light without the addition of food for a month lead-
ing the author to posit that Noctiluca either ingested its symbionts or utilized their 
photosynthetic products as nutrition. However long-term growth of Noctiluca 
required the presence of prey since the symbionts were gradually lost. In a more 
recent study, Hansen et al. (2004) were not able to culture Noctiluca isolated from 
the Manila Bay for more than 3 weeks with or without food. However Saito et al.
(2006) and Furuya et al. (2006a, b) reported two types of Noctiluca from the Gulf 
of Thailand and the Manila Bay, one that could grow without food for more than 3 
years, while the other required feeding to survive beyond 2 weeks. In all these stud-
ies the symbionts did not survive outside of the host cell (Okaichi and Nishio 1976).

The exact details of the symbiotic relationship between the host Noctiluca and its 
green endosymbionts are not well understood, neither are the conditions under 
which this organism is able to shift its dependence from autotrophy towards a 
greater dependence on heterotrophy. What we know is that light conditions at the 
surface where Noctiluca occurs as large surface blooms and survives for almost 3 
months are not ideal for C fixation by the endosymbionts of Noctiluca. The pres-
ence of large amounts of diatoms in the digestive vacuole observations suggests that 
green Noctiluca is able to switch to heterotrophy when conditions for growth of its 
endosymbiont are not ideal. What is unclear however is how Noctiluca with its lack 
of significant flagella (Lucas 1982) and its limited ability to swim is able to make its 
way to the surface. In the field, when bloom samples were transferred to a beaker, 
the cells invariably accumulated at the surface within a few minutes (Fig. 6a) sug-
gesting that surface-dwelling populations of Noctiluca are highly buoyant. From the 
more extensively studied red Noctiluca which also lacks well-developed flagella, it 
has been reported that individual cells are capable of modulating their buoyancy via 
accumulation of ammonia content (Okaichi and Nishio 1976; Elbrachter and Qi 
1998) as well as ionic regulation of the specific gravity by decreasing the concentra-
tion of heavier ions (Tiselius and Kiorboe 1998). Buoyancy in red Noctiluca allows 
it to ascend the water column enhancing its encounters with prey. Additionally, on 
account of its poor swimming capacity, red Noctiluca tends to feed only on immobile 
prey, explaining its preference for diatoms over motile dinoflagellates that possess 
whiplike flagella, capable of swimming, and more capable of escaping predation 
(Buskey 1995; Kiorboe and Titelman 1998). We have not yet explored ammonia 
accumulation in green Noctiluca, but what we have observed however is that 
surface- dwelling populations contain large amounts of lipid droplets within its cytoplasm 
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when growing with an exogenous source of food (Fig. 6b) and red when stained 
with Sudan Red G (Fig. 6c).

Further advancements in our knowledge about the influence of Noctiluca on the 
food chain, especially its role in C and N cycling in the AS, will require a better 
understanding of the ecophysiology of this organism and clarity on questions that 
underpin its role in the ecosystem. For instance we need to know the following: (1) 
What are the optimal conditions for growth of Noctiluca and how does this impact 
its cellular C and N content? (2) Under what conditions of the environment does 
Noctiluca shift its dependence from autotrophy towards heterotrophy? (3) Is there a 
substantial change in the growth rates and C and N content of Noctiluca when it 
transitions from autotrophy to heterotrophy? Answers to these and other questions 
related to Noctiluca will be important for future ecosystem model constructs of the 
food web of the AS and other regions experiencing Noctiluca blooms.

 Socioeconomic and Global Significance of Noctiluca Blooms

Recent observations of large green Noctiluca blooms in other regions of Indian 
Ocean such as off the coasts of Tanzania (Lugomela 2007) and Seychelles (David 
Rowat, Marine Conservation Society, Seychelles, pers. comm.) suggest potential
range expansion of green Noctiluca in the Indian Ocean. Noctiluca has recently been 
reported during the southwest monsoon (Al-Hashmi et al. 2015) raising the spectre 
that this organism may also be expanding its temporal range to include the highly 
productive summer period when diatoms dominate and form blooms that support 
large coastal fisheries. Elsewhere in temperate waters of the Indian Ocean, there is 
evidence that red Noctiluca has expanded its range from Sydney, Australia, to the 
Southern Ocean, a direct consequence of the increased poleward penetration of the 
East Australian Current and the subsequent increase in frequency of warm core 
eddies traveling to Tasmania and towards the Southern Ocean (Mcleod et al. 2012).

Fig. 6 (a) Seawater samples exhibiting the buoyant nature of Noctiluca and their tendency to float 
and accumulate near the surface. (b) Microscopic image of Noctiluca picked from sea surface in 
the AS showing lipid droplets (arrows). (c) Microscopic image of Sudan IV-stained cell of 
Noctiluca showing lipid droplets stained red (arrow)
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In the AS, what is particularly worrisome is that if viable populations of Noctiluca 
become established during the summer monsoon, when diatoms dominate, there is 
every likelihood that the food web and fisheries will be impacted substantially. 
Reports of a decline in fisheries along the coast of Oman associated with phytoplank-
ton blooms and oxygen-deficient waters suggest that the coastal ecosystem off Oman 
may be witnessing changes that mirror a trend towards increasing mixotrophy.

The portended disruptive impact on the food web by green Noctiluca blooms 
however remains a question that requires a more systematic understanding of the 
organism’s biology, its growth, and grazing vis-à-vis its reliance on photosynthesis 
of its endosymbionts, especially as the blooms transition from colder nutrient-rich 
waters in late December to warmer, stratified, high insolation, and warmer tempera-
ture conditions of late March. This kind of ecophysiological information is required 
to build a holistic perspective of how phytoplankton communities respond to envi-
ronmental change.

What we have established so far is that Noctiluca has become a major player in the 
Arabian Sea planktonic food web and this realization warrants a revision of earlier 
understanding of the web dynamics and allied biogeochemistry of the Arabian Sea 
gained from the JGOFS era of the 1990s (Smith 2005) which involved significant US 
participation and resources (~$50 M) (Sharon Smith, pers. comm.). The potential 
negative impacts on the food web by Noctiluca foreshadow critical impacts on the 
fisheries economy of the many countries that border the AS, many of which are 
underdeveloped and in a state of unrest from poverty and deprivation. If fisheries, the 
primary source of income for millions of people, is debilitated, then the current tur-
moil will only exacerbate and create even more problems for developed countries.
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Joaquim I. Goes and Helga do R. Gomes

Helga and Joaquim were born in Nairobi, Kenya, to parents who formed part of a
large diasporic community from a Portuguese colony in India named Goa. Political 
turmoil forced them to return to Goa where they completed their education. They 
met at the National Institute of Oceanography (NIO) in Goa where Helga was pursu-
ing her doctorate and Joaquim was a researcher. Oddly, they did not notice each 
other at the undergraduate college where they both studied. Joaquim believes that it 
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was the free rides on his motorbike, and the many days spent on cruises in the balmy 
Indian Ocean that brought them together. After her Ph.D. on the characterization of 
phytoplankton extracellular products, Helga stayed on as a postdoctoral researcher
at the NIO because she firmly believed that there was no better or more beautiful 
place to live in India than Goa. She still believes so! In 1992, Joaquim was offered a 
Doctoral fellowship by the Japanese Ministry of Education and they moved to 
Nagoya University, Japan. Clueless in a pre-internet age, they dived headlong into a 
new culture and language, and loved every bit of it from the sashimi and onsen to 
kanji. After Japan lost its ocean color satellite, Joaquim changed the course of his 
research. Molina and Rowland had just won the Nobel Prize for their work on the
formation of the Ozone Hole. Little was then known on how ocean biology would
respond to excess solar UV radiation. Working with the late and well-known geo-
chemist, Prof. Nobuhiko Handa, Joaquim showed how enhanced exposure to UV
radiation would profoundly impact phytoplankton photosynthesis. Later, Joaquim 
pursued his Postdoctoral studies under the late Prof. Toshiro Saino developing an 
algorithm to estimate nitrate distribution from remotely sensed products. A larger 
than life character, Prof. Saino loved science, good food, and wine and Joaquim and 
Helga had found the perfect mentor and friend. Fortuitously, Prof. Saino invited
Joaquim to Hawaii for the Japan-USA workshop on ocean color where Joaquim met
Barney Balch, who invited him to Bigelow Laboratory, Maine. Once again they 
embarked on a new journey, this time in a land of lobsters and vast expanses of 
untouched land often covered in a foot of snow. A year into his Postdoc, Joaquim 
was appointed as a Senior Research Scientist while Helga continued as a Research
Associate. In 2010, they both felt the need for another adventure so they moved to 
the big city of New York where they now work at Lamont Doherty, Columbia 

University in the Palisades, New York.
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      The Saint Lawrence Island Polynya: 
A 25-Year Evaluation of an Analogue 
for Climate Change in Polar Regions                     

     Jacqueline     M.     Grebmeier     and     Lee     W.     Cooper   

          Introduction 

 Polynya is a Russian-origin word that is used to describe ice-free areas in otherwise 
ice-covered seas. Polynyas are a common feature in both Arctic and Antarctic 
waters, even at temperatures well below freezing, when prevailing winds blow sea 
ice away from islands or shorelines (latent heat polynyas), or where warmer waters 
are upwelled to the surface (sensible heat polynyas). Where these features are pre-
dictable from year to year, polynyas often attract higher trophic organisms such as 
diving ducks and marine mammals that require open water refuges for feeding and 
rest in frozen sea habitats (Stirling  1980 ; Gilchrist and Robertson  2000 ). 

 The year 2015 marks more than a quarter century since the fi rst internationally 
coordinated effort to study polynyas, the International Arctic Polynya Program 
(IAPP; Mikkelsen  2015 ), undertaken by the Arctic Ocean Sciences Board, a non- 
governmental international science cooperation entity that has now been merged 
into the International Arctic Science Committee. Interest in the systematic study of 
polynyas was inspired in part by the potential for understanding the impacts of 
future climate change in the polar regions by studying persistent areas where sea ice 
was not present seasonally (Smith and Barber  2007 ). 

 The polynya that persists in the winter to the south of Saint Lawrence Island 
(SLIP) in the Bering Sea was one of the fi rst candidate polynyas that was targeted 
for study in the IAPP (Alexander and Muench  1988 ), and was supported by the US 
National Science Foundation funding initiated in 1990 to the two authors of this 
chapter (Fig.  1a, b ; Grebmeier and Cooper  1995 ). Although other studies of polyn-
yas in succeeding years, in the Northeast Water (Greenland), in the North Water 
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(Baffi n Bay), the Laptev Sea fl aw lead system, and the Cape Bathurst region of the 
Canadian Arctic have been more intensive and more widely supported on an inter-
national scale, the initial study of the SLIP, which was summarized in a special issue 
of the Journal of Geophysical Research on leads and polynyas (Grebmeier and 
Cooper  1995 ), provided an initial understanding of the biological functioning of this 
shallow continental shelf winter polynya and its infl uence on benthic biology of the 
northern Bering Sea. The physics of the SLIP have also been broadly studied, par-
ticularly its importance as an area of sea ice production that infl uences seasonal ice 
cover in the Bering Sea (e.g., Pease  1987 ; Drucker et al.  2003 ; Danielson et al. 
 2006 ).

   Our initial biologically oriented study (Grebmeier and Cooper  1995 ) was 
followed up by a number of other efforts that provide a fuller context of the impor-
tance of this polynya within the northern Bering Sea ecosystem (e.g., Cooper et al. 
 2002 ,  2009 ,  2012 ,  2013 ; Clement et al.  2004 ; Lovvorn et al.  2005 ,  2009 ,  2014 ; 
Grebmeier  2012 ; Grebmeier et al.  2006a ,  b ;  2015 ; Grebmeier and Barry  2007 ; Jay 
et al.  2014 ). Data collection has continued over this past quarter century on a num-
ber of follow- on projects in the northern Bering Sea, and we use this opportunity to 
synthesize these fi ndings from over the years with new insights that are developing 
from the internationally coordinated Distributed Biological Observatory (DBO) 
project that is annually sampling at biologically productive regions of the northern 
Bering Sea (including within the SLIP region), and adjoining Chukchi Sea. 

  Fig. 1     (a ) Study region in the northern Bering Sea south of St. Lawrence Island, USA, with gen-
eral current patterns by water type. ( b ) Example of the standard macrofaunal distribution of three 
benthic community station cluster groups sampled during process cruises in the study region: 
northern ( triangles ), eastern ( circles ), western ( squares )       
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 The Northern Bering Sea, roughly from St. Matthew Island north, is a distinct 
ecosystem and functions differently than the pelagic system to the south. This 
difference is particularly striking in the winter, when walruses, ice seals, and 
spectacled eiders congregate in large numbers to take advantage of abundant 
food supplies on the seafl oor, and also in some cases from under ice biota such 
as arctic cod and euphausiids. Productivity in the water column is low due to 
light limitations, but west-to-east decreases in chlorophyll and nutrients are 
already present as they are later in the seasonal cycle when massive sea ice edge 
blooms occur (Cooper et al  2012 ,  2013 ). 

 Our observations indicate the importance of the rich benthic communities south 
of St. Lawrence Island to top apex predators during winter foraging (Grebmeier 
 2012 ) and have contributed to understanding the seasonal cycle of this Arctic- 
subarctic system that has a winter polynya (Grebmeier and Barry  2007 ). The ben-
thic macrofauna has historically high biomass levels on the western side of the 
system, dominated by tellinid, nuculid, and nuculanid bivalves (Grebmeier and 
Cooper  1995 ; Simpkins et al.  2003 ; Grebmeier et al.  2006a ,  2015 ; Grebmeier  2012 ). 
By comparison, the eastern section has low infaunal biomass dominated by tuni-
cates, amphipods, polychaetes, and various bivalves. We characterized both macro-
faunal and epifaunal habitats and evaluated infaunal to epibenthic relationships, 
associated abiotic infl uences such as sediment types, and overlying water column 
hydrographic measurements. Particularly near Saint Lawrence and Saint Matthew 
Islands and along the northwest Alaska coast, distinct and diverse epifaunal com-
munities are present that refl ect system energy and geomorphology. For example, 
sand dollars are locally abundant inshore of the boundary between Bering Shelf 
Water (BSW) south of St. Lawrence Island and Alaska Coastal Water (ACW) (Fig. 
 1a ). Large portions of the continental shelf of the Bering Sea are dominated by 
brittle stars (Ophiuroidea), including on the outer shelf southwest of Saint Lawrence 
Island where fi ne silt and clay sediments occur. By contrast, in sandier sediments to 
the southeast of Saint Lawrence Island, a wider range of mobile and sessile epifauna 
(e.g., crabs, gastropods, and tunicates) are present (Lovvorn et al.  2005 ). These pat-
terns of macrofaunal and epibenthic community separation suggest a potential link 
between infaunal and epifaunal communities through trophic interactions or the 
infl uence of environmental parameters on both communities at similar scales. 
Patterns in hydrodynamics and/or sea ice and therefore carbon supply are potential 
driving factors. 

 Sediment oxygen demand (SOD) has also been determined at multiple sites dur-
ing many of the cruises as an indicator of carbon supply to the benthos (Grebmeier 
and Cooper  1995 ; Cooper et al.  2012 ,  2013 ). Focused experiments on temperature 
controls on SOD in 2007 and 2009 indicated that SOD increased with both tempera-
ture and carbon supply (Bailey et al.  2009 ; Cooper et al.  2013 ). Nutrient exchanges 
between the sediments and the water column varied and suggested that interactions 
with benthic fauna affect rates of exchange, as is the case in other areas in the Pacifi c 
Arctic shelf region (Mathis et al.  2014 ). Sediment cores for these temperature- 
controlled experiments were collected solely from time series stations maintained 
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since 1990 that had the best time series record for sediment respiration in this region 
of the Bering Sea. The object of the experiments was to test for changing environ-
mental impacts that may be driving the long-term declines in benthic communities 
and populations that have now been documented over our full sampling record 
(Grebmeier et al.  2006b ; Grebmeier  2012 ). 

 The implications of these declines are that it may be affecting apex predators 
such as walruses, bearded seals, and several species of diving ducks, including spec-
tacled eiders, who dive to the shallow seafl oor (40–60 m) to forage on the abundant 
clams and other benthic organisms. Moreover, our observations indicate that spec-
tacled eiders can be excluded from optimal foraging areas by the position and extent 
of seasonal sea ice (Lovvorn et al.  2009 ,  2014 ). The benthic biomass declined over 
the past several decades (Grebmeier et al.  2006b ; Grebmeier  2012 ), and also may 
bring additional changes to the ecosystem, including the movement northward of 
industrial fi shing operations as water temperature warms, which will have further 
negative consequences for the ecosystem. 

 Another key higher trophic organism to consider are the walruses that use the 
region south of St. Lawrence Island in late winter for rest and feeding (Jay et al. 
 2012 ,  2014 ). Feeding patterns refl ect benthic biomass and seafl oor community struc-
ture. Pacifi c walruses forage on the seafl oor, primarily for benthic invertebrates, and 
the wide continental shelves of the Chukchi and Bering Seas provide extensive areas 
of high benthic biomass as prey for these upper trophic organisms. Resource selec-
tion, for food or habitat, has a direct impact on walrus survival capabilities and par-
titioning of populations. The heterogeneity or patchiness of prey and/or habitat 
resources can occur over multiple temporal and spatial scales. Individual species 
adapt to the changing environment and in turn this can infl uence population structure 
and demographic trends. Both spectacled eider and walrus satellite tracking data can 
be matched with benthic prey data and have been used in habitat selection analyses 
by the predators (Lovvorn et al.  2014 ; Jay et al.  2014 ; Sexson et al.  2016 ).  

    Synthesis Results and Discussion 

    Overview for Synthesis 

 Water column temperature, salinity, chlorophyll  a  content, nutrients, macro- and 
epifaunal collections, and sediment parameters constitute much of the data col-
lected at stations in the SLIP region over the multiple cruises (see methods in 
Grebmeier and Cooper  1995 ; Grebmeier  2012 ; Grebmeier et al.  2015 ; Cooper et al. 
 2012 ,  2013 ). Specifi c to the seasonal summaries below, the benthic sampling of bot-
tom sediments and associated fauna at stations from 1990 to present included four 
replicates of a 0.1 m 2  van Veen grab for macrofaunal collections at each station 
(Grebmeier and Cooper  1995 ). Organisms were sieved from each of these grabs 
through 1 mm screens, preserved, and returned to the laboratory for species identi-
fi cation and determinations of biomass. Additional sediment grabs were also 
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undertaken at each station for surface sediment analysis, including determinations 
of sediment chlorophyll  a  content, total organic carbon and nitrogen, and other sedi-
ment chemical parameters, when practical.  

    Summer Sampling in SLIP (July–September 1990–2015) 

 The fi rst series of samples in the SLIP occurred during the summer period (June–
Sept 1990–1999,  n  = 5 cruises), with an additional 15 cruises using a Canadian ice-
breaker that sampled a subset of fi ve time-series sites in the western high benthic 
biomass region offshore of St. Lawrence Island (SLI) (2000–2015; see Grebmeier 
et al.  2015  for specifi c details on cruises and methods). A number of prior publica-
tions highlighted the spatial variability in water masses south of SLI, with nutrient-
rich Anadyr Water (AW; salinity >32.5) occurring in the western region of the study 
area as well as in the northern area just south of SLI, Alaska Coastal Water (ACW; 
salinity <31.8) in the eastern region, and Bering Shelf Water (BSW; salinity = 31.8–
32.5) occurring between AW and ACW (Grebmeier and Cooper  1995 ; Cooper et al. 
 2012 ,  2013 ). Most of the water column chlorophyll  a  descends to the benthos after 
the spring bloom, so by midsummer, water column stratifi cation has sealed off the 
cold bottom waters (<−1 °C) remaining near bottom from the winter polynya for-
mation period. This is a function of sea ice formation; when cold, dense saline water 
is injected into the water as sea ice forms, and by summer these cold bottom waters 
are separated from surface waters that warm to 4–8 °C. The bottom sediments have 
higher silt and clay content and sediment chlorophyll  a  content in the western region 
compared to the eastern, less nutrient-rich area (Grebmeier and Cooper  1995 ; 
Grebmeier  2012 ). Benthic macrofaunal biomass is highest in the western region, 
dominated by bivalves and polychaetes, with lower biomass of similar fauna, along 
with amphipods, in the eastern region (Grebmeier and Cooper  1995 ; Simpkins et al. 
 2003 ; Grebmeier  2012 ). The northern sector, just south of SLI, is dominated by 
amphipods and bivalves.  

    Spring (April–June 1999–2007) 

 We have had four process cruises in the SLIP region in spring (April–June from 
1999 to 2007). These spring cruises required us to sample in the ice-covered seas 
south of SLI using US Coast Guard (USCG) icebreakers that allowed us to observe 
the ice edge and spring bloom period as the ice receded (Clement et al.  2004 ). A 
large part of the area on the central shelf was occupied by Bering Shelf Water with 
intermediate salinity (32–32.4). Stations close to the south side of SLI showed salin-
ities of ~33 which may be characteristic for waters advected with the southern 
branch of the Anadyr current that bifurcates on the west side of SLI (the other 
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branch fl ows northeast through Anadyr Strait separating the northwest cape of St. 
Lawrence Island from continental Asia; see Fig.  1a ). Higher saline water was found 
to the southeast of SLI. The high salinity values (~33.5–34) of these waters are 
likely caused by brine rejection events during ice formation (Clement et al.  2004 ). 
A modeling study further elaborated into the processes driving physical and bio-
logical water column properties during this time (Clement et al.  2005 ). 

 This spring period as ice retreats is the most productive period for both ice algae 
and large diatoms that dominated the primary production and higher water column 
chlorophyll occurred in the western region (Cooper et al.  2002 ,  2012 ). Zooplankton 
populations are relatively low (Lovvorn et al.  2005 ), with high export of primary 
produced organic carbon directly to the benthos (Cooper et al.  2002 ; Grebmeier and 
Dunton  2000 ; Grebmeier  2012 ). This high export of labile carbon allows for the 
buildup of high bivalve and polychaete biomass in the western offshore area south 
of SLI (Fig.  2a–d ). The eastern area, as mentioned previously for the summer 
period, has smaller benthic biomass of bivalves, amphipods, and polychaetes.

 

J.M. Grebmeier and L.W. Cooper

  Fig. 2    Distribution of macrofaunal biomass (gC/m 2 ) and macrofaunal types, by biomass, in spring 
2006 for USCGC Healy cruises (HLY0601;  a ,  b , respectively) and 2007 (HLY0702;  c ,  d , 
respectively)       

170°W175°W

60°N

Bering Sea

St. Lawrence
Island

0 30 60 9015
Nautical Miles

0 - 30
31 - 50
51 - 80
81 - 100

Depth (m)1.9 – 5

5 – 10

10 – 15

15 – 20

20 – 36

Predicted Biomass
(gC/m2)

HLY0601

a

170°W175°W

60°N

Bering Sea

St. Lawrence
Island

0 30 60 9015
Nautical Miles

Biomass
(gC/m2)

HLY0601

Polychaeta

Bivalvia

Crustacea

Sipuncula

Echinoidea

Anthozoa

Ascidiacea

Nemertea

Others

Ophiuroidea

b

0 - 30
31 - 50
51 - 80
81 - 100

Depth (m)

170°W175°W

60°N

Bering Sea

St. Lawrence
Island

0 30 60 9015
Nautical Miles

0 - 30
31 - 50
51 - 80
81 - 100

Depth (m)1.9 – 5

5 – 10

10 – 15

15 – 20

20 – 36

Predicted Biomass
(gC/m2)

HLY0702
c

170°W175°W

60°N

Bering Sea

St. Lawrence
Island

0 30 60 9015
Nautical Miles

Biomass
(gC/m2)

HLY0702

Polychaeta

Bivalvia

Crustacea

Sipuncula

Echinoidea

Anthozoa

Ascidiacea

Nemertea

Others

Ophiuroidea

d

0 - 30
31 - 50
51 - 80
81 - 100

Depth (m)



177

       Winter (March 2008–2010) 

 Late winter observations in the northern Bering Sea have been rare, but three USCG 
icebreaker deployments during March in 2008–2010 have provided new insights on 
how the ecosystem functions and preconditions the productive spring bloom (Cooper 
et al.  2013 ) in comparison with spring studies in 2006 and 2007 (Cooper et al.  2012 ). 
Salinity is the dominant physical parameter that determines horizontal density varia-
tions in spring, with the warmest water offshore to the southwest, but the rest of the 
study area is infl uenced by cold <1 °C water produced as sea ice forms at the surface 
in a well-mixed water column. While water column chlorophyll concentrations were 
two orders of magnitude lower in late winter than observed during the spring bloom 
in May, sea ice algal inventories of chlorophyll were high and corresponded to the 
distribution of water masses with high nutrient content (Cooper et al.  2013 ). Brine 
injection while the late winter SLI polynya is active can mix inorganic nutrients 
from the bottom upward, and the specifi c vectors of the prevailing north to easterly 
winds infl uence the distribution of high nutrient waters that originate on the north-
western Bering Sea Shelf near and within the Gulf of Anadyr. Thus, conditions such 
as wind and air temperature in March have an infl uence on the intensity of the spring 
bloom, in addition to the actual pattern and timing of sea ice retreat. The underlying 
benthos continued to show the signature of highest benthic biomass of bivalves and 
polychaetes in the western region of the SLI region, with lower biomass to the east 
(Fig.  3a–d ). After the spring bloom, water column stratifi cation limits phytoplankton 
production, although the bottom benthic communities continue to build biomass 
over the summer based on organic carbon resources that were produced both in the 
SLI system and advected in from the southern Bering Sea.

        The Northern Bering Sea: Interannual Variability and Change 

 In addition to the water column data discussed above, benthic infaunal abundance 
and biomass data for the area south of SLI were also compiled from the many 
cruises undertaken over the span of 25 years in the SLIP region (details summarized 
in Grebmeier et al.  2006b ,  2015 ; Grebmeier  2012 ). Three distinct community 
groupings were identifi ed on every cruise by cluster and statistical analyses of mac-
rofaunal abundance and biomass (Fig.  1b ; discussed previously). However, we have 
seen dramatic changes in benthic biomass for the dominant three species of bivalves 
in the western region that are key to the spectacled eider and walrus prey base 
(Grebmeier et al.  2006b ; Grebmeier  2012 ; Lovvorn et al.  2014 ). Specifi cally, nucu-
lanid bivalves continue to decline in biomass, particularly under the infl uence of 
nutrient-rich Anadyr water (Grebmeier  2012 ). However, smaller nuculid bivalves 
have increased in abundance closer to SLI, but it is not clear if the spectacled eiders 
that feed there in the winter can take advantage of this shift in food supplies due to 
ice conditions (Grebmeier  2012 ; Lovvorn et al.  2003 ,  2014 ). 
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    Time Series Stations Within the “Western” Cluster Group 
Under Anadyr Water 

 Time series analyses of fi ve stations in the area of highest biomass show that these 
locations all cluster in a productive western group (Grebmeier et al.  2006b ; 
Grebmeier  2012 ). Sampling at these sites indicates that the three most southern sites 
in this cluster group are changing both in infaunal composition and overall biomass 
in response to larger scale physical and biological forcing that is acting upon the 
system (Fig.  4a, b ; Grebmeier  2012 ). Statistical analyses of macrofaunal popula-
tions and environmental parameters have identifi ed water column depth and sedi-
ment grain size as the primary factors infl uencing benthic macrofaunal community 
structure, both for stations that are part of our formal time series ( r  = 0.619,  p  ≤ 0.05) 
and for more spatially extensive cruises. Since depth is not changing over time, but 

  Fig. 3    Distribution of macrofaunal biomass (gC/m 2 ) and macrofaunal types, by biomass, in late 
winter 2008 for USCGC Healy cruises (HLY0801;  a ,  b , respectively) and 2009 (HLY0901;  c ,  d , 
respectively)       
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is highly correlated with greater silt and clay (Grebmeier  2012 ; Grebmeier et al. 
 2015 ), the primary factor leading to the changing benthic community composition 
is likely an increase in the percent composition of the silt and clay fraction. These 
sediment pattern changes suggest reduced currents that are increasing the silt and 
clay fraction of sediments and altering benthic community composition. Besides a 
decline in overall station biomass, we observe a shift in macrofaunal dominance 
from bivalves to polychaetes in 2009 (Fig.  4a, b -red box) where sediments fi ned. We 
are continuing tracking of these fi ve time series sites annually as part of the DBO 
project (Grebmeier et al.  2010 ,  2015 ). These stations serve as the most southern line 
of the DBO network, which is being developed as an international cooperative 
approach to detecting change in arctic ecological systems.

        Benthivores 

 Late winter is an important foraging period for benthic-feeding Pacifi c walrus and 
diving sea ducks, such as the king, spectacled, and common eider. As might be 
expected, feeding patterns refl ect the underlying benthic biomass and seafl oor com-
munity structure. Sea ice dynamics in addition to benthic food availability also 
plays a role in the scale and distributions in particular of spectacled eiders. 

 In our study we characterized benthic habitats and evaluated macrofaunal ben-
thic community relationships to overlying water column hydrographic measure-
ments, abiotic sediments, and sea ice cover. Sediment organic carbon content 
indicates a deposition zone to the southwest of SLI (Grebmeier  2012 ) that coincides 
with high benthic macrofaunal biomass and areas of walrus predation (Jay et al. 

  Fig. 4    Benthic macrofaunal biomass (gC/m 2 ) and dominant fauna (% of total station biomass) in 
( a ) March 2008 (HLY0801) and ( b ) March 2009 (HLY0901) south of St. Lawrence Island in the 
northern Bering Sea. The red box surrounds the three time series sites where decadal biomass 
declines have been observed (Grebmeier  2012 ) and shows the change in dominance from bivalves 
to polychaetes that occurred in 2009       
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 2014 ). We continue to track the overall system health at select stations. These data 
indicate that after nearly a 50 % decline in carbon deposition and benthic macrofau-
nal biomass from the 1990s to early 2000s (Grebmeier et al.  2006b ), these param-
eters have now stabilized at lower carbon deposition and benthic biomass levels 
(Grebmeier  2012 ). Despite these changes, the western region south of St. Lawrence 
Island is still a key area for upper trophic predators.  

    Overall Summary 

 The new insights on how the SLIP ecosystem functions over annual cycles have 
required seasonal sampling to facilitate understanding the preconditioning required 
for development of the productive spring bloom. While water column chlorophyll 
concentrations are two orders of magnitude lower in late winter (March–early April) 
than observed during the spring bloom in May, sea ice algal inventories of chloro-
phyll are high and correspond to the distribution of water masses with high nutrient 
content. Nutrient availability clearly modulates open water and sea ice productivity 
and the transmission of organic material to the shallow benthos following sea ice 
retreat. In some areas, signifi cant late winter re-suspension of ammonium also 
occurs from sediments. Active brine injection can mix these inorganic nutrients, and 
the specifi c vectors of the prevailing north to easterly winds infl uence the distribu-
tion of high nutrient waters that originate on the northwestern Bering Sea Shelf near 
and within the Gulf of Anadyr. Thus conditions such as wind and air temperature in 
March have an infl uence on the intensity of the spring bloom, in addition to the 
actual pattern and timing of sea ice retreat. 

 Feeding patterns of walruses and spectacled eiders refl ect benthic biomass, sea-
fl oor community structure, and at least in the case of spectacled eiders that require 
suffi cient open water to dive successfully sea ice dynamics. Kittlitz’s murrelets, 
which feed on zooplankton, are another late-winter migrant that were observed to 
take advantage of open water in the polynya south of Saint Lawrence Island. In 
experimental incubations, high sediment uptake rates occurred with both higher 
seawater temperatures and increased organic carbon (food supply). Sediment 
organic carbon content indicates a deposition zone to the southwest of SLI, and 
matches up well with high sediment oxygen update and benthic infaunal biomass. 
We continue to track the overall system health at select stations. Times series data 
indicate a “fi ning” of sediment (increased ≥5phi size silt and clay particles), indica-
tive of slowing currents and increasing settling of fi ne particles to the benthos. We 
are evaluating these sediment grain size trends with both macrofaunal biomass and 
declined sediment oxygen uptake rates. 

 The overall picture that emerges from these early seasonal observations is of a 
biologically active system with strong atmospheric and hydrographic controls. 
These controls predetermine nutrient distributions and water column mixing through 
brine rejection and ultimately infl uence the intensity of seasonal productivity and 
the subsequent seasonal activities of biological components from ice algae to zoo-
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plankton to the benthos, and to apex predators that are emblematic features of this 
subpolar ecosystem.     
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      Ecological Processes and Nutrient Transfers 
from Land to Sea: A 25-Year Perspective 
on Research and Management of the Seine 
River System                     

     Josette     Garnier      and     Gilles     Billen   

          Introduction 

 Science is like a snowball, which grows by incorporating material extracted from 
the ground as it rolls. Research issues change over time, not only as a result of the 
internal dynamics of science itself, but also under the pressure of the changing 
expectations of an evolving society. This is what we wish to illustrate, following the 
thread of our nearly 30-year joint careers. 

 The starting point was in the early 1980s, the Golden Age of microbial ecology. 
At that time the progress of molecular biology made the direct measurement and 
observation of microbial life in aquatic environments possible. “And now, small is 
plentiful” was the title of a Nature Views and News article (Sherr  1989 ) highlighting 
the new position accorded to microorganisms (from protozoans to viruses) in our 
understanding of the ecological function of water environments. For the fi rst time, 
these microorganisms were shown to be a quantitatively important compartment in 
the functioning of aquatic systems and the concept of the microbial loop was intro-
duced, leading to an alternative to the linear trophic chain due to its role as a sink or 
a link for higher order consumers (Azam et al.  1983 ; Pace et al.  1984 ; Sherr and 
Sherr  1987 , among the fi rst). Microbial ecology of oceans and lakes thus developed 
rapidly, and together with the concept of bottom-up and top-down controls (Paine 
 1980 ) participated in the emergence of a comprehensive ecological theory including 
cascading effects and retroactive interactions (Carpenter et al.  2009 ). 

 River systems, however, long resisted such analysis, probably because of the 
complexity of these largely open systems: water quality and ecological function in 
a given river stretch are largely dependent on the upstream drainage network and 
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watershed functioning. Dealing with these complex relationships remained a real 
scientifi c challenge, in spite of the development of the conceptual framework 
offered by the River Continuum Concept (RCC, Vannote et al.  1980 ), which pro-
posed an interpretation of longitudinal functional changes along river systems from 
headwaters to river outlets. 

 This scientifi c challenge was also very much in line with a strong social demand, 
as in Europe this period was the beginning of water resource management at the 
watershed scale. This approach recognized that water quality in any stretch of river 
refl ects the human activities in the upstream watershed. Agriculture, which feeds 
the watershed population, uses mineral fertilizers leaching to ground- and surface 
water. Drinking water comes from the river itself or from groundwater wells con-
taminated by agricultural pollution. Wastewater produced by domestic or industrial 
activities is returned to the river directly or after treatment. The resulting sludge is 
only partly used for fertilization of agricultural fi elds and the rest is landfi lled. 
Nutrient pollution from point and diffuse sources accumulated in the river reaches 
the coastal sea where it triggers algal growth on which fi sh and shellfi sh production 
depends. 

 We have conducted environmental research on the Seine River system and adja-
cent marine areas since 1989 (Fig.  1 ). During this long period of time, the environ-
mental issues and the corresponding management stakes have considerably changed, 
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as did the basic and applied research studies required to help decision making by the 
authorities in charge of this system. This chapter aims at summarizing the long-term 
alteration of the Seine River by human activity, the actions taken by managers to 
reduce this alteration, the success or failure of these actions, and the research ques-
tions that arose from all this.

       1850–1990: Organic Pollution and Oxygen 

 As early as the end of the nineteenth century, increasing urban populations and gener-
alization of wastewater collection systems discharging directly into the rivers caused 
severe organic pollution, often resulting in complete anoxia of long stretches of rivers 
downstream from large urban centers. At one time, aquatic systems and especially 
rivers were considered to be able to evacuate all the pollution generated by industrial 
and domestic activities. Several urban rivers were covered to hide their black color 
and putrid smell (Billen et al  1999 ; Garnier et al.  2013 ). The pollution of the Seine 
River, which was still directly used as a drinking water source, led to dramatic cholera 
epidemics causing the death of 30,000 people from 1832 to 1866. From 1850 on, with 
the development of Paris and its agglomeration, a long race against time started 
between the water needs of the population and equipping the river for water supply 
and sanitation (Mouchel et al.  1998 ). In 1964, the Seine- Normandy Water Agency 
was created (together with fi ve other agencies for each of the largest water districts in 
France). Their main concern at the time was to solve the problem of oxygen depletion 
related to organic matter and ammonium contamination by urban effl uent directly 
discharged into the surface waters or incompletely treated. All efforts were devoted to 
the implementation of urban wastewater treatment plants (WWTPs). 

 Since its publication in  1925 , the Streeter and Phelps model was used by sanita-
tion engineers to connect river dissolved oxygen concentration and point discharge 
of organic matter (expressed in biochemical oxygen demand, BOD). The represen-
tation of the organic matter degradation process by a simple fi rst-order kinetic equa-
tion could not, however, account for the (micro)-biological nature of the processes 
involved. Indeed, together with organic matter and ammonium, WWTPs also 
released microorganisms that play a direct role in the metabolism of these sub-
stances once released in surface waters (Garnier et al.  1991 ). Particularly striking is 
the dynamics of nitrifying organisms which, in the Seine River, develop only slowly 
after the release of ammonium by Paris WWTPs, so that their effect is only apparent 
200 km downstream, in a second, delayed oxygen depletion area at the entrance of 
the estuarine sector of the river, whereas the river has completely recovered from the 
fi rst zone of anoxia, immediately downstream of Paris (Fig.  2 ) (Garnier et al.  2007 ).

   Such phenomena could only be accurately simulated by a second-generation 
model, explicitly taking into account the dynamics of microorganisms, such as the 
RIVE model that we developed for that purpose (Billen et al.  1994 ; Garnier et al. 
 2002 ). This model consisted of a detailed description of the processes related to sub-
strate uptake, growth, and mortality of autotrophic and heterotrophic microorganisms 
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  Fig. 2    The long-term evolution of urban organic pollution of the Seine River downstream from 
Paris. ( a ) Organic and ammonium loading from the Paris agglomeration from the mid-nineteenth 
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present in aquatic systems in a limited sector of the river. Most parameters involved in 
the corresponding kinetic equations were directly measured either in the fi eld or in the 
laboratory using the methods developed in aquatic microbial ecology, so that the 
model offers a generic representation of microbial metabolism in aquatic systems and 
does not require any calibration steps.  

    1990–2000: Eutrophication and Algal Blooms 

 The problem of eutrophication, i.e., excessive development of algae due to excess 
nutrients, was noticed in stagnant aquatic systems as early as the 1960s (Vollenweider 
 1968 ), and the peak of disturbance was reached in the 1980s, before effi cient pro-
grams of nutrient abatement measures were implemented. Awareness of eutrophica-
tion problems came only later for rivers (Descy  1992 ; Garnier et al.  1995 ) and 
coastal waters (Cugier et al.  2005 ; Lancelot et al.  2011 ; Passy et al.  2013 ; Turner 
and Rabalais  1994 ). 

 In the case of the Seine River system, heavy blooms of diatoms occurred regu-
larly in spring, reaching a biomass above 100 μg/l chlorophyll  a , severely hinder-
ing drinking water production, by clogging sand fi lters, increasing water pH 
above 8, which precluded the use of aluminum salts as fl occulating agents, and 
increasing the level of dissolved organic matter in distributed treated water. These 
blooms generally collapsed after 2 or 3 weeks, resulting in oxygen depletion in 
the river. 

 Since these blooms are not generated in the main branch of the Seine River 
crossing Paris, but in the upstream drainage network (Fig.  3a ), a new modeling 
approach had to be developed to understand their dynamics and predict their 
response to phosphorus (P) abatement programs. The Riverstrahler model, devel-
oped for that purpose, encapsulated the RIVE model of ecological processes, 
describing the dynamics of nutrients and microorganisms including several types of 
bacteria and organic matter, three taxonomic classes of phytoplankton (diatoms, 
Chlorophyceae, and Cyanobacteria), and two groups of zooplankton, into a descrip-
tion of the hydrology of the upstream part of the basin, where the complex network 
of tributaries is replaced by a regular river confl uence scheme of increasing stream 
order (Strahler  1957 ) with mean morphological characteristics.

   The model correctly simulates the timing of algal development and its geograph-
ical distribution in the river network (Garnier et al.  1995 ; Passy et al.  2013 ), allow-
ing one to predict the distribution of autotrophic and heterotrophic metabolisms 
along the river continuum from the description of river network morphology and 
hydrology as well as the distribution of point and diffuse sources of nutrients (Billen 
et al.  1994 ; Garnier and Billen  2007 ) (Fig.  3a ). 

 Banning polyphosphates from laundry powders in European countries (Billen 
et al.  1999 ; Van Drecht et al.  2009 ), followed by systematically implementing P 
treatment of urban wastewater, reduced point sources of P tenfold in the Seine 
watershed. Even though diffuse sources of P, originating from arable soil erosion, 
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continue to provide P to sustain algal growth, the general reduction of P loading 
clearly decreased both the frequency of occurrence and the general level of algal 
blooms in the downstream sectors of the Seine River system (Fig.  3b ). 

 In the coastal zone of the Seine Bight, algal development is also highly depen-
dent on nutrient fl uxes discharged by the Seine River. However, the situation is 
quite different. In rivers, nitrogen (N), mainly originating from diffuse agricultural 
sources, is present in large excess with respect to the requirements of algal growth, 
and P is the most limiting factor of algal growth. Silica (Si), stemming from rock 
weathering, is most often in excess but can become limiting for diatoms at a high P 
load (Billen et al.  2007 ). In marine coastal areas, after mixing with nutrient-poor 
seawater, all three nutrients, N, P, and Si, are able to limit algal development at some 
stage of the seasonal cycle and to determine the taxonomic composition of algal 
communities. We showed that the amount of N or P discharged by rivers in excess 
over Si with respect to the stoichiometry of diatoms is a good indicator of coastal 
eutrophication potential (ICEP, Billen and Garnier  2007 ), characterizing the risk of 
development of undesirable, often harmful, non-diatom blooms. Since the strong 
reduction of P fl uxes by the Seine was not accompanied by a similar reduction of N, 
coastal eutrophication remained and is manifested by summer blooms of toxic dino-
fl agellates following the spring diatom bloom. The occasional occurrence of toxic 
 Pseudo- nitzschia  blooms, preventing the commercialization of shellfi sh, is also 
likely to be a consequence of unbalanced river inputs of nutrients; there is indeed 
evidence that their domoic acid toxin production is controlled by N (Trainer et al. 
 2012 ). Due to the excess in N over P and Si at the coast of most developed countries 
with intensive agriculture, a substantial reduction of nitrate concentration in river 
water could decrease eutrophication problems (Passy et al.  2015 ).  

    2000–2015: Agricultural Pollution and Nitrate Contamination 

 The concern about nitrate concentrations in freshwater is not motivated only by 
the need to reduce coastal eutrophication. It also arose from preoccupations about 
the drinking water supply. More than 300 dwellings were closed in the Seine 
basin during the last 10 years because of nitrate levels above the drinking water 
standard (11 mgN/l). More generally, the environmental losses of N along the 
whole N cascade from agricultural soils through the atmosphere and hydrosphere 
cause a large number of problems, such as atmospheric pollution (namely fi ne 
particles of NH 4 NO 3 ), greenhouse gas emissions (N 2 O, mainly emitted by agricul-
tural soils and the third-ranking cause of atmospheric warming), and loss of ter-
restrial and aquatic biodiversity (Sutton et al.  2011 ). 

 Environmental N losses from agriculture can be estimated from the soil N bal-
ance of arable soils integrated over the entire crop rotation cycle. The N balance 
is calculated as the difference between total fertilization (N inputs to the soil as 
synthetic or organic fertilizer, manure, symbiotic N 2  fi xation, and atmospheric 
deposition) and export of N with harvested crops (Anglade et al.  2015 ). For arable 
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soils, in the absence of systematic winter cover by catch crops, more than 70 % of 
the N balance is leached during the winter drainage period, so that the average 
nitrate concentration of infi ltrating water can be easily predicted from the values 
of the N balance based on experimental measurement of N leaching (Benoit et al. 
 2014 ,  2015 ). Organic cash crop farms in the Seine watershed, practicing long and 
diversifi ed rotation where cereals alternate with legume feed crops such as alfalfa, 
are often thought to be an alternative. We have instrumented a number of the few 
existing commercial organic farms in the Seine watershed and demonstrated that 
they produce signifi cantly lower N losses than conventional farms, with, however, 
very similar yields in terms of total protein content (Benoit et al.  2014 ; Anglade 
et al  2015 ). 

 The historical reconstruction of the N balance at the scale of the Seine watershed 
showed a period of rapid increase in the second half of the twentieth century, cor-
responding to the transition from traditional agriculture, based on a close connec-
tion between crop farming and animal husbandry, to industrial cash crop farming 
dependent on synthetic fertilizers. This increase was followed, with a few decades’ 
delay due to the inertia of the vadose and aquifer reservoirs, by a considerable 
increase of nitrate contamination of ground- and river water (Fig.  4a ). After the 
1980s, improvement of farming practices, namely under the incentive of European 
environmental regulations and efforts to calculate the required N fertilization based 
on the needs of crop development, resulted in a decrease in the N balance, which 
stabilized nitrate contamination of ground- and surface waters. The N surplus 
remains too high, however, to meet the drinking water standard in infi ltrating water, 
suggesting that good agricultural practices, based on equilibrated fertilization at the 
very high yield expected, now have reached their limits. Further improvement of 
water quality will therefore require more radical change not only in farming prac-
tices, but also in the general organization of the whole agro-food system at a global 
scale (Billen et al.  2015 ).

   The current agro-food system of the Seine basin is today characterized by a 
strong disconnection of crop farming and livestock farming. While the basin 
exports 90 % of its crop production, it has to import most of its animal protein 
requirements for human consumption from the Brittany and Pays de la Loire 
regions, where most of the livestock is now concentrated and fed to a large extent 
with South America- imported soybeans and cakes. In both regions, the environ-
mental N losses are considerable (Fig.  4b ). A conversion of agricultural systems to 
organic farming would lead, however, to a large part of the production consisting 
of forage legumes instead of cereals. Consequently, the generalization of this type 
of crop farming would require a reconnection with livestock, as a local outlet for 
forage production as well as a way to recycle P as a fi nite resource (Garnier et al. 
 2015 ). This reconnection, which implies redistributing livestock at the scale of 
French regions, should also be accompanied by a reduction of the proportion of 
animal proteins in the human diet, both for ethical and public health reasons. Thus, 
a group of scientists published the Barsac declaration (  http://www.nine-esf.org/
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barsac-declaration    ), advocating a “Demitarian diet,” i.e., a reduction by a factor 
two of the portion of meat and milk in the Western human diet. Based on these 
considerations, we constructed an “organic-local and Demitarian” scenario for the 
Seine watershed (Billen et al.  2012 ) and extended it to the whole of France. We 
thus demonstrated its ability to feed the population and still export part of its pro-
duction while producing much less environmental contamination (Fig.  4b ). 

 The scenario is constructed in such a way as to be easily translated into the input 
fi les required to run the Riverstrahler model. It was therefore possible to compare the 
water quality resulting from this radical scenario with the current scenario and that of 
a scenario of improved sustainable agriculture based on the generalization of catch 
crop implementation during winter. The results show that the margins of improve-
ment by sustainable agriculture, although signifi cant, are much more limited than 
what could result from the organic-local and Demitarian scenario, in terms of ground-
water contamination, river water quality, and N fl uxes to the coastal zone (Fig.  4c ).  
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  Fig. 4    ( a ) ( Left ) Long-term reconstruction of the N yield vs. N fertilizer inputs of cropland in the 
Seine watershed. ( a ) ( Right ) The current average N balance (i.e. N fertilizer inputs minus N yield)  
of conventional and organic crop rotations is also indicated, as well as the maximum value compat-
ible with nitrate concentration standards for drinking water. ( b ) Schematic representation of nitro-
gen transfers through the agro-food chain of the Seine watershed in the current situation and in a 
hypothetical organic-local and Demitarian scenario       
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    Conclusion: From Microbial Ecology to Territorial 
Biogeochemistry 

 The temperate Seine watershed that we are living in has been our favored and 
main case study for experimental microbial ecological studies, but the approaches 
we have developed have been deployed to other watersheds, to other water-agro-
food systems in the world. In France, it was applied to the Loire basin, one of the 
few large European rivers which has not undergone channelization, as well as to 
the adjacent Scheldt River systems, one of the most populated river systems in the 
world. The Danube was the object of several EU projects where the changes 
induced by the collapse of the Eastern economies could be evidenced (Garnier 
et al.  2002 ). Near-pristine conditions were found in the Nordic Kalix and Lule 
rivers in the far north of Sweden (Sferratore et al.  2008 ). Under subtropical mon-
soon conditions, the Red River Basin in Vietnam was also studied along the same 
lines (Lee et al.  2014 ). We introduced the concept of the unicity of microbial 
processes, showing that from upstream to downstream and within a large gradient 
of climate and human impacts, these processes obey the same kinetics, with quite 
similar parameters, even though their manifestations in terms of ecological 
 functioning may strongly differ depending on the constraints set by morphology, 
hydrology, climate, land use and anthropogenic pressures. Even though the 
description of the biogeochemical processes is far from being complete, the con-
cept of their unicity in the large range of environmental conditions met in aquatic 
systems from headwater streams to the ocean is particularly fruitful, helping to 
generalize local fi eld studies. 

 In addition, challenging the application of concepts and methods developed in 
marine and lacustrine environments to river systems, we fi nally developed an origi-
nal modeling approach (Riverstrahler) for studying not only the river system, but 
also the terrestrial watershed it drains, with its agricultural and urban systems 
impacting the coastal marine zone into which it fl ows. We recently coined the term 
“water-agro-food systems” to designate this complex mosaic of aquatic and terres-
trial ecosystems, deeply modifi ed, exploited, and managed by a society. As such, 
water-agro-food systems can be viewed as territories, and we have named “territo-
rial biogeochemistry,” the branch of science that describes and tries to understand 
the functioning of such complex systems, their internal and external exchanges of 
material, and the (physical, chemical, biological, or social-economic) mechanisms 
controlling these exchanges. Here we open the way to a comprehensive and, why 
not, citizen-oriented way of practicing science, helping to clarify the societal choices 
to which we are confronted to address the threat of global change.     
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    Josette Garnier and Gilles Billen 

 Connecting lakes and coastal seas with rivers and their watersheds is one of our 
most fulfi lling accomplishments. In the mid-1980s, Josette, with a position at the 
CNRS in Paris, was studying the ecological functioning of lakes (especially urban 
sand-pit lakes) while Gilles was involved in marine research at the University of 
Brussels (Belgium). In 1989, when a new interdisciplinary program (the PIREN-
Seine Program) was launched by the CNRS on the Seine River, we both jumped on 
board: Josette, keen to escape her 42-ha lake, Gilles, prone to seasickness, delighted 
to step onto solid ground. In June 1989, fi nding themselves alone together, at mid-
night, in a small boat in the middle of the Seine River for a 24-h sampling cycle, 
they already hoped that the PIREN-Seine Program would be long lasting. 

 We married in 1992 in Brussels, then Gilles left Belgium for a position at the 
French CNRS. For more than 25 years, we have been co-constructing the now tried-
and-true biogeochemical/ecological Riverstrahler model, which we continue to 
improve and have implemented beyond the Seine to a wide variety of watersheds, 
from Nordic to subtropical systems. Field work has remained a major occupation, 
to which we rapidly associated our young daughter, even before she could walk. 
Thanks to faithful and friendly collaborations, we linked Riverstrahler to coastal 
zone models, making it possible to assess the measures required in the terrestrial 
watershed and the river network to mitigate marine eutrophication problems: and 
thus the loop was closed. Today, most of our energy is devoted to collaborative 
research projects, focusing on nutrient losses from agriculture and promoting alter-
native and sustainable water-agro-food-systems management. 

 We have jointly supervised a large number of graduate students. Many of them 
have been awarded academic positions, and just as they feel a member of a family 
during their Ph.D., we still take an interest in their career and keep close contact 
with them all.   
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 “…  about 11 o’clock I saw a bay, the best I have ever seen in 
my life ” from the diary of Juan Jordan de Reina on entering 

Pensacola Bay on February 6, 1686 (Dunn  1916 ) 

           Introduction 

 The Pensacola Bay (Florida, USA) estuary shares characteristics with many estu-
aries that have a long history of human colonization. These human activities have 
the potential for fundamentally altering the patterns and magnitudes in the delivery 
of sediments, nutrients, and contaminants to coastal waters. In estuaries, it is well 
known that biogeochemical cycling of key elements such as carbon, oxygen, nitro-
gen, phosphorus, and silica varies tremendously along the land-sea gradient; how-
ever, we still do not fully understand the consequences of human alterations on 
these cycles. Similar to well-studied estuaries (e.g., the Chesapeake Bay, the Baltic 
Sea, and the Neuse River), Pensacola Bay has experienced increased nutrient 
delivery from urbanization and agricultural development of the landscape. 
Classically, increased nutrient delivery leads to increased organic matter produc-
tion or eutrophication of the estuary (Nixon  1995 ; Kemp et al.  2005 ; Conley et al 
 2009 ). One frequent consequence of eutrophication is the occurrence of hypoxia 
(commonly defi ned as dissolved oxygen <2 mg L −1 ) in bottom waters (Diaz and 
Rosenberg  2008 ), which renders the demersal zone uninhabitable by most fi sh and 
invertebrate species. 

 In this chapter, we profi le the Pensacola Bay estuary, including a brief physical 
description and history of human colonization of the region leading up to modern 
times. To evaluate status and trends of eutrophication within the estuary, we assembled 
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available historical water quality data, asking whether changes in nutrient  loading 
over the past 40 years are evident, and if so whether there are observable responses 
in the estuary, focusing on the distribution of phytoplankton, nutrients, and dissolved 
oxygen. We end with a discussion of our current understanding of the magnitude and 
factors infl uencing primary productivity, the likely factors affecting seasonal hypoxia, 
and the potential for nutrient recycling under hypoxic conditions.  

    Pensacola Bay Physical Setting 

 Pensacola Bay is a moderately sized (480 km 2 ) estuary located in northwestern Florida 
on the Gulf of Mexico (Fig.  1 ). Freshwater inputs to the Bay come predominately 
from three rivers: Escambia (71 %), Yellow (26 %), and Blackwater (4 %) (Thorpe 
et al.  1997 ). The watershed comprises ~18,000 km 2  and extends northward into 
Alabama; the Alabama portion represents 65 % of the total watershed area (Thorpe 
et al.  1997 ; Bricker et al.  2007 ). Seasonal patterns in freshwater fl ow are typical of 
many subtropical and temperate regions, with high winter and spring fl ows declining 
throughout the summer and fall. Monthly average fl ows vary approximately fourfold 
from 327 m 3  s −1  in March to 85 m 3  s −1  in November based on long-term records. 

Cumulative Area (%)

0

2

4

6

8

10

12

0% 20% 40% 60% 80% 100%

D
ep

th
 (

m
)

Gulf of Mexico

Study
area

  Fig. 1    Map of the Pensacola Bay estuary located in the northeastern Gulf of Mexico ( inset ). 
 Contours  and  color shading  depict bathymetry (m) of the system. A hypsographic curve ( inset ) 
depicts the areal distribution of depth within Pensacola Bay and Santa Rosa Sound. Adapted from 
Murrell et al. ( 2009 )       
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Annual mean discharge has similarly high variability, ranging from 50 to 325 m 3  s −1  
(Fig.  2 ). The average water residence time is 27 days (Bricker et al.  2007 ).

    The upper estuary is comprised of two nearly symmetrical lobes, Escambia Bay 
on the west and Blackwater and East Bays on the east, which merge into Pensacola 
Bay proper. Santa Rosa Island separates the Bay from the Gulf of Mexico such that 
marine exchange is restricted to a narrow pass at the west end of the island. Pensacola 
Bay is shallow, with a 3.0 m mean depth, and tides are diurnal, having a small mean 
amplitude of ~0.4 m, common to many estuaries in the Gulf of Mexico (Bianchi 
et al.  1999 ). Despite its shallow depth, the high freshwater fl ow and low tidal mix-
ing energy result in frequent and widespread stratifi cation in the mesohaline reaches 
of both Escambia and East Bays, especially during spring and summer (Hagy and 
Murrell  2007 ). 

 Subtidal habitats within the Pensacola Bay system are dominated by sandy 
shoals graduating to fi ner grained sediments in the deeper central portions of the 
bay (George et al.  1988 ). In contrast to peninsular Florida where carbonate sedi-
ments dominate, the sands here are silica based (Isphording et al.  1989 ). Patchy 
subtidal oyster reefs occur along portions of Escambia and East Bays shoals, which 
have supported a commercial fi shery during different periods of Pensacola’s his-
tory (Olinger et al.  1975 ). Currently, seagrass and submerged aquatic vegetation 
cover 14.3 km 2  or 3 % of the bottom (Yarbro and Carlson  2013 ); however, this 
coverage is only 37 % of the 1960 estimate of 38.6 km 2  (8 % of the bay bottom), 
suggesting a signifi cant decline in seagrass areal coverage over the past 60 years 
(Handley et al.  2007 ). Relatively seagrass healthy beds of  Thalassia testudinum  
and  Halodule beaudettei  (formerly  Halodule wrightii ) currently occur in Santa 
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  Fig. 2    Annual mean discharge (m 3  s −1 ) and nitrate concentration (μM) from Escambia River at 
Century, FL between 1950–2013. Flow data from US Geological Survey,   http://waterdata.usgs.
gov/nwis    , site number 02375500. Annual average nitrate concentration derived from weighted 
regression of monthly samples on time, discharge, and season using R (EGRET package). Original 
data obtained from WQP       
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Rosa Sound (Yarbro and Carlson  2013 ), though at only about 50 % of historical 
coverage (Handley et al.  2007 ). 

 The Pensacola Bay system is comprised of distinct estuarine typologies (Engle 
et al.  2007 ). The upper oligohaline and mesohaline regions share characteristics of 
river-dominated estuaries, while the polyhaline regions (e.g., Santa Rosa Sound) are 
more lagoonal in character. In addition, there are numerous small bayous that 
exchange with the Bay, ranging in character from highly urbanized to relatively 
pristine. While these bayous represent a small fraction of total water or nutrient 
exchange with the Bay, they themselves are strongly infl uenced by local runoff; 
thus their water quality likely refl ects changes in adjacent land-use practices 
(Olinger et al.  1975 ; Thorpe et al.  1997 ).  

    Human Colonization of Pensacola Bay 

 Human settlement of the Pensacola Bay region dates back to 4200 BP by Native 
Americans (Thompson and Worth  2011 ). Colonization by the Spanish began with 
the Tristan de Luna expedition in 1559. However, his fl eet was largely destroyed 
within weeks of arrival by a hurricane, and the colony was ultimately abandoned in 
1561 (Worth and Priestley  2010 ). Over a century later, in 1698, Spain successfully 
established a colony, marking the beginning of continuous occupation of the region 
by European cultures. The attraction of Pensacola Bay to early colonial settlements 
was strategic in that it provided a deep, safe, and defendable harbor. The region’s 
abundant forests provided materials for ship building, and the presence of artesian 
springs provided high-quality freshwater. Despite these natural resources, early 
records of the Spanish colonists indicate that they were dependent on Native 
Americans for food. 

 During the colonial period, population remained low (<10,000), only seeing sig-
nifi cant growth during the 1870s. Population growth in the late nineteenth and early 
twentieth centuries was supported by expanded exploitation of the forest resources 
including timber and naval stores (pitch and turpentine), and increased harvesting 
of shrimp, oyster, snapper, and mullet for food. In the mid-twentieth century, agri-
cultural production in the watershed increased along with increased use of nitrogen 
fertilizers, which peaked in the late 1970s (Alexander and Smith  1990 ). Currently, 
slash pine remains an important natural resource, as are agricultural row crops 
including cotton, soybeans, and peanuts. 

 Following World War II, the population grew rapidly reaching approximately 
90,000 by 1970. Fueled by industrialization, the local economy was transformed into 
a chemical manufacturing center in the 1950s. Heavy industrial installations included 
nylon and other chemical product manufacturing, paper and pulp production, and a 
coal-fi red electrical power plant. Point source discharges from these industrial activi-
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ties and municipal wastewater treatment plants dramatically affected water quality 
and habitats during this period including losses of seagrass beds, bay scallops, 
shrimp, and other fi sheries, along with fecal contamination (Olinger et al.  1975 ). 

 Among the most dramatic effects of habitat degradation were the frequent and 
extensive fi sh kills that occurred during the 1950s and 1960s, observed predomi-
nantly in the upper estuarine bayous and inlets near the industrial outfalls 
(Olinger et al.  1975 ). Studies conducted during that era examined the problems, 
recommended solutions, and provided us the earliest known records of water 
quality for the area (FSBH  1969 ; Olinger et al.  1975 ; Thorpe et al.  1997 ; 
Gallagher et al.  1999 ; Livingston  2001 ). Following public outcry and enforce-
ment actions under Clean Water Act provisions, point sources of nutrients and 
other contaminants into Escambia Bay declined rapidly after 1969 (Olinger et al. 
 1975 ). The frequency and magnitude of fi sh kills in Escambia Bay declined pre-
cipitously such that they have been infrequent since 1974 (Olinger et al.  1975 ). 
Also, the industries gradually transitioned their waste disposal practices toward 
deep well injection (Table  1 ). Despite these demonstrable improvements in water 
quality, the Florida Department of Environmental Protection currently identifi es 
upper Escambia Bay as impaired by excess chlorophyll under the Clean Water 
Act reporting requirements.

   The population in the watershed has increased about fi vefold since the 1970s to 
approximately 460,000 based on the 2010 census. Currently, the major land uses in 
the watershed include forestry, agriculture, military installations including expan-
sive conservation areas, and urban development; the latter is primarily concentrated 

   Table 1    Nitrogen sources to Escambia and lower Pensacola Bay in kg day −1  during three periods: 
1950–1970, 1980–1990, and 2000–2010   

 Source  Form  1950–1970  1980–1990  2000–2010 

 River  NO 3  a   1075–2362  2423–3316  2369–2378 
 River  TN  6200–10,400 b   9600–16,100 c   8000 d  
 Non-point source to Escambia 
Bay 

 TN  92 b  

 WWTP  TN  1865 b   635 e , ~0 f  
 Monsanto  TN  1452 b   71 c   ~0 f  
 American Cyanamid  TN  2200 b   102 c   ~0 f  
 Air products  TN  2560 b   19 c   ~0 f  

   a [NO3] × fl ow (our Fig.  2 ) 
  b Olinger et al. ( 1975 ) 
  c Gallagher et al. ( 1999 ) 
  d  SPARROW  model from Hoos and McMahon ( 2009 ) 
  e Input from Pensacola Main Street WWTP (Hagy, pers. comm.) 
  f Converted to deep well injection  
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to lands along the shores of Pensacola Bay. The local economy is strongly driven by 
tourism, due to the natural beauty of the clear emerald waters and “sugar-white” 
sandy beaches on Santa Rosa Island and along the shores of Pensacola Bay, which 
has earned it the moniker of “The Emerald Coast”.  

    River and Estuarine Water Quality 

 Historical data for the Pensacola Bay are sparse compared to better studied estuar-
ies. Therefore, our summary relies on assembling water quality data from a variety 
of monitoring efforts conducted over the years. The earliest water quality data come 
from the US Geological Survey (USGS) stream gage on the upper Escambia River 
at Century (near the Florida-Alabama border) that was established in 1935. From 
1952 to 1994, USGS also collected monthly water grab samples from this site. For 
the lower Escambia River, the earliest available water quality data are from the early 
1950s, and comprised a total of ten nutrient samples (fi ve sites sampled on two 
dates) (ANSP  1953 ). The next available water quality data were collected from 
1969 to 1974 as part of a large-scale effort to document compliance with regulations 
and recovery from point source discharges (Olinger et al.  1975 ). These data provide 
perhaps the most valuable and comprehensive picture of the historical water and 
sediment quality in Pensacola Bay, with an emphasis on Escambia Bay. The Florida 
State Board of Health (FSBH  1969 ) also sampled the Escambia River and Bay dur-
ing this period, primarily motivated by concerns over fecal coliform pollution. 

 Since the 1980s, a variety of state and federal agencies have monitored water 
quality in the region. We assembled data from the following sources: Florida 
Department of Environmental Protection (FDEP), Florida Fish and Wildlife 
Research Institute, Florida Department of Agriculture and Consumer Services, 
Florida Department of Health, US Environmental Protection Agency, and a consult-
ing company study of hydrodynamics, water quality, phytoplankton, benthic mac-
rofauna, and fi sh communities (Gallagher et al.  1999 ; Livingston  2001 ). Most of 
these data were acquired using the Water Quality Portal ( WQP ,   http://www.water-
qualitydata.us/    ), a Web service that itself assembled data from a variety of federal 
agencies such as EPA (STORET) and USGS (NWIS). In addition to Escambia River 
data, we compiled the available chlorophyll and dissolved oxygen data from the 
mesohaline portion of Escambia Bay. We restricted our summary to this region for 
several reasons: (1) it receives most of the freshwater, (2) it is vulnerable to hypoxia, 
(3) historical data exist for the past 40 years, and (4) upper Escambia Bay is consid-
ered impaired by the Florida Department of Environmental Protection. 

 Based on the available data, nutrient concentrations in the Escambia River 
(Fig.  2 ) and Escambia Bay (Fig.  3 ) appear low relative to well-studied eutrophic 
estuaries. This result is consistent with the assessment of Bricker et al. ( 2007 ) who 
noted that nitrogen loading is among the lowest described for estuaries in the Gulf 
of Mexico. While the nitrate time series at Century, FL, revealed an upward trend, 
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doubling from 7.5 to 14.3 μM between the 1970s and 1990s (Fig.  2 ), these concen-
trations are still much lower than the 100 μM or greater levels that are typical of 
rivers with large agricultural inputs (Bianchi et al.  1999 ; Kemp et al.  2005 ; Conley 
et al.  2009 ). Over this same period, median ammonium and Kjeldahl nitrogen con-
centrations increased from 2 to 8 μM and 20 to 34 μM, respectively (data not shown, 
 WQP ). Compared to the upper Escambia River, nitrate concentrations near the 
mouth were about twofold higher; yet median concentrations were still relatively 
low, rarely exceeding 25 μM (Fig.  3 ). The highest reported nitrate concentration in 
the lower Escambia River was ~120 μM during the 1960s; however these samples 
likely refl ect highly localized conditions near industrial point source outfalls 
(Fig.  3 ). In mid-Escambia Bay, surface water nitrate and ammonium concentrations 
rarely exceeded 10 μM (Murrell et al.  2007 ). While not shown, the nitrate concen-
trations in the Yellow and Blackwater Rivers were similar to the Escambia River 
(Lewis  2010 ) and surface water nutrient concentrations in the mesohaline East Bay 
were similar to Escambia Bay (EPA, unpublished).

   To evaluate changes in the phytoplankton response to river nutrient loads, we 
examined historical chlorophyll data in Escambia Bay surface waters (Fig.  3 ). We 
focused on the mesohaline region (salinity ~12–24) because this was the region 
where chlorophyll typically peaked, where salinity mixing diagrams indicated 
strong nutrient uptake (Murrell et al.  2007 ), and where there were suffi cient histori-
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cal data to make the comparison. The earliest chlorophyll a data from this region 
was collected in 1974 (Olinger et al.  1975 ) who reported a median concentration of 
5.8 μg L −1 , ranging from 1.3 to 14.3 μg L −1 . From the 1980s, only annual mean con-
centrations were reported (Gallagher et al.  1999 ), but concentrations appear similar 
to the earlier data. Since the 1990s, chlorophyll measurements have become routine 
(Murrell and Lores  2004 ; USEPA  2004 ; Murrell et al.  2007 ;  WQP ). For the 2010s, 
the median was 6.6 μg L −1 , and ranged from 1.0 to 26.0 μg L −1  (Fig.  3 ). Median and 
90th percentiles of chlorophyll a concentrations in mid-Escambia Bay showed little 
change over the past several decades (Fig.  3 ). 

 The earliest dissolved oxygen data collected from mid-Escambia Bay bottom 
waters in 1969 revealed hypoxic bottom waters in May and intermittent hypoxia 
between August and mid-September (FSBH  1969 ; Olinger et al.  1975 ). Hypoxia was 
also observed in this region in spring-summer 1974 (Olinger et al.  1975 ). Subsequent 
studies from 1997 to 2004 showed similar patterns (Gallagher et al.  1999 ; USEPA 
 2004 ; Hagy and Murrell  2007 ). Combining all available data from this region (Fig.  4 ) 
reveals a coherent seasonal progression of hypoxia, being most commonly observed 
in July and August, although it can occur as early as May and persist as late as 
October. In this regard, the seasonality of hypoxia is very similar to well-studied, 
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eutrophic estuaries. Hagy and Murrell ( 2007 ) attributed the prevalence of hypoxia in 
Pensacola Bay to the combination of strong vertical stratifi cation and sluggish hori-
zontal transport; these physical characteristics have likely remained similar over the 
past 40 years and perhaps longer. In fact, there are notable examples of warm micro-
tidal estuaries that exhibited seasonal hypoxia prior to large-scale human occupation 
(May  1973 ; Pennock et al.  1994 ; Stanley and Nixon  1992 ), suggesting that the inci-
dence of hypoxia is not solely attributable to cultural eutrophication.

       Controls on Primary Production, Organic Matter, 
and Nutrient Cycling 

 A series of process-oriented studies conducted in Pensacola Bay from 1999 to 2005 
provided some insights into spatial patterns in planktonic and benthic production. 
Collectively, the studies suggest that Pensacola Bay is a moderately productive 
estuary, with important phytoplankton and benthic components. While baywide 
measurements of phytoplankton productivity have not been made, Murrell et al. 
( 2007 ) reported annual productivity of 290 g C m −2  year −1  from Escambia Bay, plac-
ing it at the 70th percentile of a recent global compilation (Cloern et al.  2014 ). As 
with most estuaries, we found that phytoplankton productivity in Escambia Bay 
strongly varied with seasonal and interannual variation in freshwater fl ow. During 
summer, nitrate concentrations rapidly declined along the estuarine gradient, such 
that nitrate in lower Escambia Bay surface waters was typically ~2 μM. The maxi-
mum nitrate depletion zone coincided with peak phytoplankton biomass and pro-
ductivity (Murrell et al.  2007 ). Additionally, patterns of nutrient limitation appear 
similar to other estuaries with incidence of phosphorus limitation in winter and 
spring, particularly in the upper estuary switching to nitrogen limitation during 
summer and fall (Murrell et al.  2002 ; Juhl and Murrell  2008 ). 

 High water transparency throughout the system means that much of the water col-
umn and the benthic shoal regions are euphotic. Thus, suffi cient light penetrates to 
support primary production in the lower water column and the benthos (Murrell et al. 
 2009 ). Thus oxygen production in sub-pycnocline waters and the benthos can poten-
tially offset hypoxia (Hagy and Murrell  2007 ). Microphytobenthic productivity was 
signifi cant in the extensive sandy shoals of Pensacola Bay accounting for 16–32 % of 
total system productivity (Murrell et al.  2009 ). This estimate did not include seagrass 
productivity which likely contributes additional signifi cant productivity, particularly 
in Santa Rosa Sound, though likely a less signifi cant component of baywide averages 
compared to seagrass-dominated systems like Tampa and Florida Bay. 

 One additional observation from this series of process studies was the regular 
summertime blooms in pico-phytoplankton (i.e.,  Synechococcus ), which can com-
prise upwards of 90 % of total phytoplankton biomass in Escambia Bay (Murrell 
and Lores  2004 ). Similar blooms were also observed in nearby Weeks Bay, AL, and 
Apalachicola Bay, FL (Murrell and Caffrey  2005 ), and in other warm shallow sys-
tems such as Florida Bay (Phlips et al.  1999 ) and the Neuse River Estuary (Pinckney 

A Historical Perspective on Eutrophication in the Pensacola Bay Estuary, FL, USA



208

et al.  1998 ). The reason for this dominance is not altogether clear, but likely refl ect 
a combination of factors that favor picoplankton over larger phytoplankton. First, 
the relatively low nitrate concentrations observed during summer combined with 
higher residual ammonium may favor picoplankton over diatoms, owing to the 
well-known inhibitory effect of ammonium on nitrate uptake by diatoms (Glibert 
et al.  2016 ). Additionally, copepod zooplankton can exert a strong grazing control 
on diatoms and other large phytoplankton, but picoplankton generally escape preda-
tion due to their small size. Third, growth rates of  Synechococcus  appear to be 
strongly temperature dependent, similar to other bacterioplankton; thus warm sum-
mer conditions may favor maximal growth rates (Li  1998 ). 

 The effects of hypoxia on nutrient cycling in this system have some similarities 
and differences to other estuaries. In the Escambia Bay channel, hypoxia coincided 
with an accumulation of ammonium in bottom waters, but not dissolved inorganic 
phosphorus (DIP) (Fig.  5a ). Similar conditions existed in 1974 where maximum bot-
tom water ammonium concentrations occurred at the stations with the lowest bottom 
water dissolved oxygen concentrations (Olinger et al.  1975 ). Similarly, we observed 
that ammonium fl uxes were highest with low dissolved oxygen concentrations, while 
DIP fl uxes were not (Fig.  5b ). This implies active recycling of nitrogen, but not DIP 
in hypoxic waters of the Pensacola Bay system. It is perhaps surprising that hypoxia 
does not stimulate DIP release from sediments or leads to a buildup of DIP in bottom 
water, since this has been observed in other systems such as Chesapeake Bay (Kemp 
et al.  1990 ; Testa and Kemp  2012 ) and the Baltic Sea (Conley et al.  2002 ). In these 
systems, DIP fl uxes out of sediments can triple when dissolved oxygen is less than 
1 mg L −1  (Koop et al.  1990 ; Testa and Kemp  2012 ). Unfortunately, the lowest overly-
ing oxygen concentration in fl ux experiments from the Pensacola Bay system was 
only 0.7 mg L −1  (Murrell et al.  2009 ; Smith and Caffrey  2009 ), so the response of 
sediments to lower oxygen concentrations is unknown. In addition, iron and iron-
bound phosphorus concentrations also infl uence mobilization of phosphorus under 
hypoxia and anoxia, but the role of iron cycling has not been examined in the 
Pensacola Bay system.

       Summary 

 Key aspects of Pensacola Bay biogeochemistry are similar to other eutrophic estuar-
ies. These include an increase in phytoplankton productivity fueled by river nutri-
ents, the occurrence of summer hypoxia in the bottom waters, the loss of seagrass 
habitat, and the increased recycling of ammonium but not phosphate in hypoxic 
bottom waters. Pensacola Bay also shares similarities with other Florida estuaries 
such as Tampa and Florida Bays in having extensive shoals capable of supporting 
seagrasses and having clear waters with high light penetration. However, conspicu-
ous features of Pensacola Bay shoals are the lack of macroalgae and low seagrass 
coverage. Hypoxia in Pensacola Bay varies from well-known estuaries such as the 
Baltic Sea, Chesapeake Bay, or the Neuse River, in that sub-pycnocline waters and 
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the benthos receive suffi cient light to support photosynthesis. Thus, benthic oxygen 
production acts to offset hypoxia. 

 Pensacola Bay has a long history of anthropogenic impacts. Major point sources 
of nutrients from the 1950s and 1960s were greatly reduced by the 1980s and 
1990s and many have been completely eliminated from surface discharges. At the 
same time, the population of watershed has increased fi vefold between 1970s and 
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2010s and river nitrate concentrations have doubled. One might expect that 
increased river nitrate would result in increased chlorophyll concentrations and 
also increase in the severity of bottom water hypoxia. However, the available data 
suggest little change in chlorophyll or dissolved oxygen in Escambia Bay over the 
last 40 years. While we know the historical progression of anthropogenic impacts, 
the lack of scientifi c data means that questions about hypoxia before the 1950s, or 
what factors precipitated the loss of seagrasses, are unanswerable. One of the most 
puzzling aspects of Pensacola Bay is why seagrasses have not recolonized shoals 
or survived restoration efforts because light conditions appear to be suffi cient to 
support their growth across their historical distribution. Further research could 
provide useful management information and help guide restoration efforts in the 
system. For example, developing a comprehensive nutrient budget could help 
reveal whether the declines in point sources have been balanced (or outpaced) by 
increases in non-point sources of nutrients. Nutrient inputs from submarine 
groundwater discharge or storm water runoff are largely unknown. Decades of 
research and monitoring reveal that Pensacola Bay estuary is particularly vulner-
able to eutrophication, highlighting the importance of continued monitoring and 
protection in this estuary that is well beloved by residents and tourists alike.     
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    Jane M. Caffrey and Michael C. Murrell 

 Jane and Mike met at the University of Maryland’s Horn Point Laboratory in 1989, 
when Mike moved from LUMCON to work as a technician. At the time, Jane was 
nearing completion of her Ph.D. under Michael Kemp (his fi rst Ph.D. student!). It’s 
hard to say exactly what brought them together, although Mike’s chicken and sau-
sage gumbo probably played a more important role than Jane’s pesto spaghetti. They 
stayed together through a whirlwind of location changes: Mike moved to the 
University of Washington to continue working as an Oceanographer for Evelyn 
Lessard and Jane took a Fulbright postdoc at the University of Aarhus under Henry 
Blackburn. After her exhilarating experience in Denmark, Jane moved to a postdoc-
toral position at the USGS in Menlo Park. So, while still separated by ~800 miles, at 
least they were the same time zone. Then, on Valentine’s Day 1992, Mike moved to 
the San Francisco Bay area in preparation for starting his Ph.D. at the University of 
California Santa Cruz with Mary Silver as his academic advisor and Tim Hollibaugh 
(SFSU) as his research advisor. Jane and Mike worked side by side on the USGS 
vessel, the R/V Polaris (recently retired), as Mike examined bacterioplankton and 
microzooplankton dynamics in North San Francisco Bay and Jane studied patterns 
in benthic nutrient cycling as modulated by the spring phytoplankton bloom. After 
her postdoc ended, Jane became a Research Oceanographer at UCSC and also 
Research Coordinator at the Elkhorn Slough National Estuarine Research Reserve. 
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Following Mike’s graduation, they all (baby Amelie makes 3) moved back East 
where Mike took a postdoc with the EPA at the Gulf Ecology Division in Gulf 
Breeze, FL, which evolved into a career position. Jane began collaborations with the 
University of West Florida, which also evolved into an academic faculty position. 
Over the years, Mike has helped to develop Jane’s appreciation of microbes and 
plankton as discrete organisms, while Jane has helped to develop Mike’s apprecia-
tion of biogeochemical cycling and playing in the mud.   
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         Introduction 

 There are many ways to look at interactions within the plankton, and the angle with 
which investigators approach their research subjects depends on their background, 
education, and individual research culture. When a zooplankton ecologist and a phy-
toplankton hydrobiologist meet and decide to cooperate, this facilitates interesting 
discussions, especially when the persons involved also originally come from differ-
ent countries. Whereas from a microalgal point of view zooplankters are dangerous 
predators, which need to be avoided, deceived, and combatted (Wiltshire et al.  2003 ), 
and which luckily are stupid enough to smell rather distinct (Wiltshire and Lampert 
 1999 ), zooplankters see just food. This food may vary in quality depending on its 
nutrient content (Boersma  2000 ), or biochemical composition (Boersma et al.  2001 ), 
so salad isn’t always just salad. The fact that these food items may actually scavenge 
nutrients from the gut of the zooplankters (Boersma and Wiltshire  2006 ) is not of 
interest to the little animals. Of course, this is a simplifi ed view of the world, and 
when we consider the whole food web, microalgae and zooplankters are tightly 
 interconnected both serving as food of differing quality to higher trophic levels, 
depending on the nutrient availability to the primary producers (Boersma et al.  2008 ). 
Thus, when trying to understand the effects of anthropogenic stress on ecosystems it 
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is necessary to closely cooperate and investigate changes in nutrient dynamics, phy-
toplankton densities, and zooplankton distributions (Wiltshire and Manly  2004 ; 
Wiltshire et al.  2008 ; Boersma et al.  2015 ). 

 We were very fortunate to inherit databases (and the work) of the Helgoland 
Roads time series of the Biologische Anstalt Helgoland. This time series, with daily 
measurements of temperature, nutrients, transparency, and algal densities, was origi-
nally set up in 1962 (Wiltshire et al.  2010 ), and extended with zooplankton measure-
ments in 1975 (Greve et al.  2004 ). The combination of high-frequency measurements 
has allowed us to investigate the interplay between phytoplankton, zooplankton, and 
nutrients (Wiltshire and Manly  2004 ; Wiltshire et al.  2008 ,  2015 ; Boersma et al. 
 2015 ; Meunier et al.  2015 ), and continues to be a rich resource for contemporary 
questions. Indeed, there are several aspects of the interactions in the lower trophic 
levels that remain somewhat elusive. Whereas it is generally accepted that heterotro-
phic poikilotherms are very responsive to changes in temperature, often the effect of 
changing light conditions rather than temperature is thought to be more important for 
phytoplankton (Sverdrup  1953 ; Sommer et al.  1986 ; Ellertsen  1993 ). Thus, we 
would expect in the currently changing environment that zooplankton dynamics 
should be rather responsive to the change in temperature and phytoplankton dynam-
ics should not (Wiltshire et al.  2008 ). This difference could potentially lead to a 
mismatch between phytoplankton and zooplankton temporal occurrence with even-
tual consequence for herbivore secondary production (Cushing  1974 ) and potential 
release of predation pressure on phytoplankton. In fact, in an earlier study Wiltshire 
et al. ( 2008 ) indeed observed a change in the temporal dynamics of zooplankton, and 
almost none in the phytoplankton. Moreover, we are currently seeing an increase in 
the phytoplankton densities in the North Sea (Wiltshire et al.  2010 ; Alvarez-
Fernandez et al.  2012 ). As we now have several additional years of data it is time for 
a revision of the current state of knowledge, especially as strong changes in tempera-
ture and changing hydrology (Callies and Scharfe  2015 ) have coincided with changes 
in light penetration depths (and consequently light availability for the algae).  

    Materials and Methods 

 In 1962, the Biologische Anstalt Helgoland initiated a long-term monitoring program 
at Helgoland Roads (54° 11, 3′N, 7° 54, 0′E). Apart from temperature recordings, this 
program involves monitoring nutrients (SiO 4 , NO 2 , NO 3 , NH 4 , PO 4 ), salinity, light pen-
etration (measured as Secchi depths), and phytoplankton species composition on a 
work-daily basis. Phytoplankton are counted to species level whereby 370 species are 
recognized (Hickel et al.  1993 ; Wiltshire and Dürselen  2004 ; Wiltshire and Manly 
 2004 ). From 1975 onwards, zooplankton sampling was added to the time series at 
Helgoland Roads (Greve et al.  2004 ). This involves sampling three times a week, at the 
same time as the phytoplankton and nutrient samples of the daily time series. Several 
zooplankton taxa are identifi ed to species level, but many have been counted to genus 
level only (Greve et al.  2004 ). Since especially with copepods counting to species is 
very time consuming and tedious for many genera, the standard protocol for most gen-
era was originally established using specifi c taxonomical units (Greve et al.  2004 ). 
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Here, we were mainly interested in the changes in phenology in zooplankton and phy-
toplankton, and hence focusing on two major groups: diatoms and calanoid copepods. 
The start of the diatom and calanoid copepod growth season was defi ned as the week 
number where the cumulative density reached 10 % of the total annual cumulative 
density (Mackas et al.  2012 ). Using 10 % rather than 15 or 20 % guaranteed that we 
concentrate on the beginning of the season only. In our analysis all algal densities were 
converted to carbon, using appropriate conversion factors based on average carbon 
contents for given species and the biovolume calculations by Hillebrand et al. ( 1999 ). 
Thus, we fi rst established the total biovolume (in μm 3  l −1 ) for diatoms, and calculated 
biomasses using the conversion factor of Montagnes et al. ( 1994 ), 0.1 pg C μm −3 . 

 Furthermore, we computed the average annual temperatures and average annual 
Secchi depths, and related these with the measurements of start of season for phyto-
plankton and zooplankton.  

    Results 

 In contrast to what was observed before (Wiltshire et al.  2008 ), with the new data 
included and the slightly different metric used here (and in Wiltshire et al.  2015 ), 
we observed that both zooplankton and phytoplankton showed a signifi cant move-
ment to earlier occurrence with time. Both regressions were highly signifi cant 
(Table  1 ), indicating that for both the diatoms and the copepods the start of the 
season has come signifi cantly earlier. Interestingly, we observed no signifi cant dif-
ference in the slope of the regression line between the two. Thus the change in 
timing of the diatoms happened in the same speed as in the copepods. In both cases 
we observed a shift of about 1 week per decade; thus in the total of the 40–50-year 
sampling period, there was a shift forward in the season of about a month. At the 
same time, we observed a strong shift in both the temperature, as was reported 
many times before, and the water transparency. In fact, after standardization of 
both temperature and the Secchi disk transparency, the rate of change was identical 
(Fig.  1b, c ). However, we observed that no signifi cant correlation could be found 

     Table 1    Summary table of the regression analyses relating temperature, Secchi disk transparency, 
and the week of 10 % cumulative densities of zooplankton and phytoplankton   

  n   int  s.e. int   b   s.e.  b    r  2    p  

 Diatoms with year  50  235.5  60.4  −0.11  0.03  0.22  <0.001 
 Copepods with year  36  296.5  89.6  −0.14  0.045  0.22  <0.004 
 Temperature with year  50  −50.8  11.8  0.03  0.006  0.36  <0.001 
 Secchi with year  44  −35.7  8.94  0.02  0.004  0.31  <0.001 
 Secchi with temperature  44  2.98  0.97  0.05  0.095  0.01  0.58 
 Diatoms with temperature  50  21.2  6.71  −0.4  0.68  0.01  0.55 
 Copepods with temperature  36  37.3  6.79  −2.05  0.67  0.22  <0.005 
 Diatoms with Secchi  44  30.7  2.71  −3.99  0.77  0.39  <0.001 
 Copepods with Secchi  36  22.3  4.02  −1.64  1.12  0.06  0.15 

   Int  intercept of the regression line,  b  slope,  s.e.  standard error  
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  Fig. 1    Changes in the phenology of diatoms and calanoid copepods. Signifi cant regression lines 
are represented by  solid lines ,  dotted regression lines  are not signifi cant (see also Table  1 ). ( a ) 
Week of 10 % cumulative densities of calanoid copepods and diatoms with time. ( b ) Change in 
average annual temperature with time. ( c ) Change in water transparency with time. ( d ) Relationship 
between mean annual temperature and Secchi disk transparency. No signifi cant correlation 
between the two could be observed. ( e ) Only the start of the season of the copepods showed a 
signifi cant regression with temperature. ( f ) Only the start of the season of the diatoms showed a 
signifi cant regression with Secchi disk transparency       
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between temperature and the water transparency (Table 1; Fig.  1d ). A multiple 
regression with both factors, temperature and Secchi transparency as independent 
variables, and the start of season of the diatoms and copepods as the dependent 
ones, revealed that with the copepods only temperature was signifi cantly related 
with the start of season, and not the water transparency, whereas the opposite was 
true for the diatoms (Fig.  1f ; Table  1 ). Thus, for the Helgoland Roads series we 
conclude that through completely different and largely independent mechanisms 
we have seen a concurrent shift in phenology of phytoplankton and zooplankton 
over the last 50 years. Whereas the change in phytoplankton timing was largely 
related to an increase in water transparency (Wiltshire et al.  2015 ), the change in the 
occurrence of zooplankton could be attributed solely to changing temperatures. Thus, 
it is unlikely that mismatch phenomena have caused the changes in phytoplankton and 
zooplankton densities that have occurred in this area (Boersma et al.  2015 ).

        Discussion 

 The current literature on the effects of global warming is full of examples where 
through differences in reactions of different players in the ecosystem mismatch situa-
tions now occur, where there used to be a match of herbivores with their food, or 
carnivores with herbivores previously (Beaugrand et al.  2003 ; Edwards and 
Richardson  2004 ). As the main changing driver, temperature, is thought to be more 
infl uential changing the phenology of heterotrophs than autotrophs (Ellertsen et al. 
 1995 ), the result of increasing temperatures is thought to be a larger movement for-
ward in time for heterotrophs than for autotrophs. Here, we observed that at least for 
the Helgoland Roads time series this was not the case. The change in phenology over 
a 36-year period (1975–2011) for diatoms and calanoid copepods was identical. Both 
moved forward in the season by about a month over this time. However, the mecha-
nisms by which they have moved are completely different. The change in timing of 
the diatom blooms seems to be completely driven by changes in the light conditions, 
as measured with a Secchi disk. In the southern North Sea, algal densities do not affect 
water transparency at all (Wiltshire et al.  2015 ), and the highest transparency is typi-
cally found in summer, when algal biomass is high. The reason for this is the strong 
effects of wind and suspension of sediments on water clarity (Wiltshire et al.  2008 ), 
and higher wind speeds are usually found in autumn to spring. Thus, even though the 
mechanism for the bloom is different when compared to for example those described 
by Sverdrup ( 1953 ), the causes are similar. Enough light needs to penetrate the water 
for the spring bloom to start, either by stratifi cation of the water column or by the 
decrease in suspended material combined with the increase in solar radiation. With an 
average depth of around 5 m at the sampling station, this means that light penetrates 
to the bottom when the Secchi disk reading is around 2.5 m. In fact, the week where 
Secchi disk penetration depth exceeded 2.5 m has moved earlier ( r  2  = 0.13;  p  = 0.02) in 
the period of investigation; thus there is more light earlier at the Helgoland Roads 
sampling station. This has led to the advancement of the diatom bloom. 
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 Heterotrophs do not respond to light, but to temperature. Congruent to other 
areas in the world, the North Sea has warmed signifi cantly in the last 50 years. As a 
result, the occurrence of many zooplankton and ichthyoplankton species has moved 
forward in the year (Greve et al.  2005 ; Mackas et al.  2012 ). Many have speculated 
that global warming should affect zooplankton more than phytoplankton and hence 
global warming could potentially lead to a mismatch between resources and con-
sumers. Although this has certainly occurred (Edwards and Richardson  2004 ), the 
situation in the Southern North Sea is different. As a result of the corresponding 
shift of both light conditions and temperature the observed trends for both food and 
predators are identical. Thus, although the mechanisms are completely different, the 
result is that everything has moved forward in time by about a month. 

 So, what have we learned? Is the southern North Sea an unusual place, where the 
global change processes that have been described in other areas work differently? 
To a certain degree, this is the case. The hydrography of the Southern North Sea has 
changed dramatically in the last 50 years (Scharfe  2013 ), especially around 
Helgoland, with a more prominent open-sea signal than was previously the case. 
This has led to an increase in salinity and to clearer water, and thus to the change in 
phenology of the phytoplankton (see also Wiltshire et al.  2015 ). We are aware of no 
other coastal seas where this has happened, but obviously temperatures have 
increased almost everywhere, but particularly strongly at Helgoland (Holt et al. 
 2012 ). Thus, we argue that the situation in the North Sea is special in the sense that 
phytoplankton and zooplankton have changed their phenology in a similar way. 
Despite this, we have observed a strong decrease in the densities of calanoid zoo-
plankters (Boersma et al.  2015 ), and an increase in diatom biomass (Wiltshire et al. 
 2010 ). The reasons for this remain elusive. From a top-down perspective, lower 
herbivore densities of course would release predation pressure on the algae, and 
may lead to higher algal densities, but we would have to explain why there are less 
herbivores, something that can defi nitely not be done as fi sh or predatory zooplank-
ton densities have not increased (Schlüter et al.  2010 ; Boersma et al.  2015 ). From a 
bottom-up perspective, more diatoms should mean more food for the zooplankters, 
suggesting that food should not be limiting. This may be the case quantitatively, but 
not qualitatively. One of the consequences of higher light penetration into the water 
column is that photosynthesis is increased, and more carbon is sequestered (Urabe 
and Sterner  1996 ; Sterner et al.  1998 ). This implies a higher carbon content relative 
to other nutrients such as nitrogen and phosphorus. Furthermore, one other peculiar-
ity of the southern North Sea is that the nutrient conditions have changed dramati-
cally. As a result of the large efforts in wastewater treatment in the major rivers, the 
inputs of nitrogen and phosphorus have plummeted (e.g., van Beusekom et al. 
 2009 ). If we consider that algal biomass is currently higher than previously this 
automatically implies that the nutrient content of the algae relative to the carbon is 
lowered. Our explanation for the reduction in zooplankton biomass is that this reduced 
relative nutrient content represents a resource of inferior quality for zooplankters 
(Boersma  2000 ; Malzahn and Boersma  2012 ). Thus, we need the combination of 
light, nutrients, phytoplankton, and zooplankton in combination with the changing 
abiotic factors to explain what has happened in the North Sea. 
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 We expect that the link between the changing light conditions and the changing 
temperatures is going to break down sooner or later, which will lead to an additional 
diffi culty for the herbivorous zooplankton, as then also the relatively good match in 
the timing of the animals and their food might break down. Hence, it could well be 
that the North Sea is continuing to become greener, despite the enormous reductions 
in nutrient inputs, with potential further decreases of the fi shery yields as these 
depend on the secondary producers (Boersma et al.  2008 ).     
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    Karen H. Wiltshire and Maarten Boersma 

 Conferences are highly useful professionally as well as rewarding private means to 
meet exciting new people. It only took us as long as the exchange of some coupons for 
alcoholic and nonalcoholic beverages to realize that a cooperation might be fruitful. 
Both Karen, who was doing her Ph.D. research in Germany, and Maarten, then a Ph.D. 
student in the Netherlands, worked on limnological themes, and after the “Fateful” 
meeting subsequently tried to fi nd one common place of work. This was not as easy as 
it sounded, as junior positions were few and far between. As a result Maarten came to 
Germany at the exact time when Karen left for Scotland. However, we fi nally managed 
to work and live together in Plön, Germany, when we were offered a shared postdoc-
toral position by Winfried Lampert at the Max Planck Institute for Limnology. After 
that, the deal was that whoever was offered the fi rst permanent position would take the 
other person with them. As a result, we moved to the Alfred-Wegener-Institut, 
Biologische Anstalt Helgoland in 2001, and never regretted this move to the “dark side” 
of salty water. We have been cooperating on plant-animal interactions ever since having 
met 26 years ago at a limnological conference.   
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Lake Transparency: A Window into Decadal 
Variations in Dissolved Organic Carbon 
Concentrations in Lakes of Acadia National 
Park, Maine

Collin Roesler and Charles Culbertson

 Introduction

Recent decadal increases in dissolved organic carbon (DOC) concentrations in sur-
face waters throughout Europe and the northeastern USA are well reported (De Wit 
et al. 2007; Driscoll et al. 2003; Evans et al. 2006; Hongve et al. 2004; Monteith and 
Evans 2005; Monteith et al. 2007; SanClements et al. 2012; Worrall and Burt 2007). 
A variety of drivers associated with global climate change are cited to explain rising 
trends in DOC, such as warming soils and increasing microbial activity to changing 
hydrology (Porcal et al. 2009); other investigations highlight decreasing atmo-
spheric sulfur deposition over the last few decades as a more likely driver of rising 
DOC concentrations in surface waters (EkströM et al. 2011; Hruška et al. 2009; 
Oulehle and Hruška 2009; Strock et al. 2014; Tipping and Woof 1990). A prevailing 
hypothesis for this mechanism is that subsequent reduction in the acidity of both 
soil-solution and stream waters increases the net charge on humic substances, the 
dominant organic soil constituents that interact with the aqueous phase (Jaffé et al. 
2008; Tipping and Hurley 1988). Consequently, the solubility of humic substances 
is increased, which facilitates their transport from terrestrial to aquatic environ-
ments. These humic substances comprise the largest pool of detrital organic carbon 
(Worrall et al. 2004) and are the major portion of the dissolved organic matter 
(DOM) pool (EkströM et al. 2011; Evans et al. 2006; Monteith et al. 2007; Oulehle 
and Hruška 2009; SanClements et al. 2012; Worrall and Burt 2007). Most of the 
reported increases in DOC occur in boreal forested catchments or those having 
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organic-rich soil (Driscoll et al. 2003; Evans et al. 2000; Hejzlar et al. 2003; Hruška 
et al. 2009; Monteith et al. 2007; Worrall and Burt 2007; Worrall et al. 2004).

A dominant characteristic of DOM in aquatic systems is the associated brown 
color. This is because a large portion of the DOM pool is chromophoric, colored 
DOM (CDOM), with strong absorption coefficients in the ultraviolet range of the 
spectrum, decreasing exponentially into the visible. As the CDOM concentration 
increases, visible light penetration decreases, reducing the euphotic depth and inte-
grated primary productivity. Thus CDOM is one of the dominant constituents in 
aquatic systems that can impact transparency (EkströM et al. 2011; Jaffé et al. 2008; 
Miller and McKnight 2010; SanClements et al. 2012).

Among the most prominent landscape features at Acadia National Park (ANP), 
Maine, USA, are its 26 lakes and ponds that are host to a variety of recreational 
pursuits. Known for having exceptional water quality, some also serve as water 
supplies for towns on Mount Desert Island (MDI). The ANP Natural Resource 
Department operates a long-term lake monitoring network on Mount Desert 
Island (Fig. 1). Over the last 30 years, large variations in water transparency 
(clarity) as measured by Secchi depth have been observed. Similarly, transpar-
ency derived from Landsat imagery for other lakes in Maine suggests overall 
decrease in transparency (McCullough et al. 2013). These variations have been 
attributed to variations in DOM induced by both natural and anthropogenic fac-
tors, from changing acidity to development, respectively (Tipping and Woof 
1990). In this study we investigate the relationship between Secchi depth and 
DOC as a means of expanding the record of DOC for future biogeochemical 
investigations (c.f., Boyce et al. 2010).

 Methods

Twenty-five lakes comprise the lake-monitoring network at Acadia National Park in 
Maine (USA) (Fig. 1). The monitoring program has included Secchi depth esti-
mates since 1975 and routine dissolved organic carbon concentrations since 1995. 
The data records of lake Secchi depth and DOC concentration were supplied by the 
ANP Natural Resources Department. Methods for determining Secchi depth and 
DOC concentrations are outlined in Gawley et al. (2014).

 Model Description and Development

Light in aquatic systems is attenuated with depth by the absorption and scattering of 
photons by water itself and the particulate and dissolved materials in the water. 
Photons are removed by absorption and redirected by scattering, the latter ulti-
mately being absorbed or backscattered out the surface. The materials responsible 
for light attenuation are as varied as aquatic systems are. Typically absorption is 

C. Roesler and C. Culbertson



227

dominated by particulate and dissolved organic material and algal pigments in the 
blue and green region of the spectrum and water in the red region. Scattering is 
dominated by organic particles such as living organisms and detrital particles, and 
inorganic particles such as suspended sediments. The more material in the water, 
generally the shallower the depth of light penetration. Thus the depth of light 

Fig. 1 Lake monitoring network at Acadia National Park on Mount Desert Island, Maine, USA. 
Symbol colored by ANP designated numeric lake code, see following figures
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penetration can be used as a proxy for the concentration of materials in the water. 
When an aquatic system is dominated by one type of material (for example strongly 
absorbing DOM or CDOM), the depth of light penetration can serve as a proxy for 
that material. A model to estimate DOC concentration from Secchi depth observa-
tions is developed below based upon first principles of hydrologic optics and estab-
lished optical proxies for biogeochemical parameters. The model assumes that 
CDOM is the dominant optical constituent in the lake system, thereby dominating 
lake transparency and the depth of light penetration, and that CDOM is a robust 
proxy for DOC. That CDOM does not scatter light in addition to absorbing it greatly 
simplifies the model assumptions. The model is validated with co-incident observa-
tions of DOC concentration and Secchi depth.

Light penetration in aquatic systems obeys Beer’s law, decreasing exponentially 
with depth z (m):

 
E z E k z z( ) = - ( )

o e
*

 (1)

where E(z) is the irradiance (μmol quanta m−2 s−1) at depth z, Eo is the incident irradi-
ance, and k(z) is the depth dependent diffuse attenuation coefficient (m−1) which 
describes the rate of exponential light decay. Allowing the attenuation coefficient to 
be constant with depth and rearranging Eq. 1 permit the product of the attenuation 
coefficient, k (m−1), and the Secchi depth, ZS (m), to be expressed as
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where E(Zs)/Eo, when multiplied by 100, is the percent of surface light at the depth 
at which the Secchi disk disappears. Following Mankovsky (2014), the product of 
the diffuse attenuation and Secchi depth is given by the parameter, Ψ:

 Y = ´k ZS  (3)

which is mathematically expressed in terms of percent rather than fractional light lev-
els. If the value of Ψ is constrained, with relatively small variations about an expected 
value, then there must exist a robust relationship between the attenuation coefficient 
and the Secchi depth; as the attenuation increases, the Secchi depth decreases. Thus, 
Secchi depth can take the place of measurements of absolute light levels.

Approximations to the radiative transfer equation yield a relationship between 
the diffuse attenuation coefficient, k, and the absorption coefficient, a (m−1), via 
Gershun’s equation (Gershun et al. 1939):

 a k= m  (4)

where m  is the average cosine, a factor which describes the angularity of the radi-
ance field via the average angle from nadir (overhead). This theoretical relationship 
states that the attenuation of light in the water column is linearly related to the 
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absorption coefficient. The attenuation due to scattering is described not by the scat-
tering coefficient but by the impact that scattering has on the angular distribution of 
light beams, which is parameterized as the cosine of that average angle of the light 
field. So if there is no light scattering by particles and the solar beam is directly 
overhead, the average cosine m  of the photon path is 1 (cosine of 0° from nadir). If 
there are a lot of particles in the water and they scatter the solar beam so that the 
average angle is 60o from nadir, then m  = 0.5 and the attenuation of light is two 
times the absorption coefficient. Because k is measured as a function of depth, pho-
tons traveling along a longer path (higher angle) have a greater likelihood of being 
absorbed compared to photons traveling vertically through the water column.

Combining Eqs. 3 and 4 provides a direct relationship between Secchi depth and 
the absorption coefficient:

 Z aS = ´Y m /  (5)

At the wavelengths predominantly transparent for the Secchi disk, blue in clear 
waters, and green in more productive or inland waters, constituents other than water 
dominate the absorption. For the inland lakes and ponds, CDOM is the predominant 
absorber, with a spectrum well described by an exponential function:

 
a a S
CDOM CDOM o

CDOM ol l l l( ) = ( )´ - -( )e
 (6)

where SCDOM is the spectral slope describing how steep the spectrum decays from 
ultraviolet to visible wavelengths. The range of SCDOM values is small globally 
(Babin et al. 2003; Roesler et al. 1989) with median value of 0.016 ± 0.002, so that 
variations in CDOM absorption are primarily determined by the magnitude of the 
absorption, aCDOM(λo), rather than the spectral shape, and thus estimating the magni-
tude at any reference wavelength, λo, allows the whole spectrum to be computed 
analytically.

CDOM absorption at 254 nm has become a robust proxy for the concentration of 
DOC, and the ratio (of absorbance to DOC concentration) is called the carbon-
specific ultraviolet absorption, or SUVA (Weishaar et al. 2003). Although the value 
of SUVA does vary with the composition of the DOM pool (specifically with the 
degree of aromaticity), due to such processes as dilution, photodegradation, and 
flocculation (Chen et al. 2004; Loiselle et al. 2010), the ranges are constrained. Thus 
the link between the optical properties and the biogeochemical properties of the 
DOM pool is established:

 
a S
CDOM SUVA D C e CDOMl l( ) = ´[ ]´ - -( )O ol

 (7)

where SUVA DOCCDOM= ( )a 254 /  (l mg−1 m−1), and [DOC] is the dissolved 
organic carbon concentration (mg l−1). Combining Eqs. 5 and 7 yields the final for-
ward model for Secchi depth as a function of the optical and biogeochemical prop-
erties of DOM at the wavelengths of maximal transparency (e.g., λ = 500 nm):
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Z S

S SUVA DOC CDOM= ´ ´[ ]´( )- -( )Y m / e 500 254

 
(8)

The inversion of this equation yields an estimate of DOC from Secchi depth using 
typical values for the parameters Ψ, m , SUVA, and SCDOM:

 
DOC SUVA CDOM[ ] = ´ ´ ´( )- -( )Y m / Z S

S e 500 254

 
(9)

Using published ranges for these four parameters, model estimates of DOC were 
computed for the range of observed Secchi depths in the 40-year data set. The range 
of values for the model parameters were Ψ varying from 1.5 to 2.2 (Armengol et al. 
2003; Gallegos et al. 2011; Murray and Markager 2011), m  varying from 0.7 to 0.9 
(Kirk 1991), SUVA varying from 2.5 to 7.1 (l mg−1 m−1), and SCDOM varying from 
0.013 to 0.018 nm−1 (Roesler et al. 2006 and other unpublished data from Roesler 
for Maine rivers).

 Results

The time series observations of Secchi depth for the lake network indicate large 
variations in lake transparency both between lakes and within lakes over the 40-year 
record (Fig. 2a). Secchi depth ranges from approximately 0.5 to 22 m across the 
lake network. The seasonal variations (Fig. 2b) are relatively small within each 
lake, particularly when compared with the interannual variations, which demon-
strate an approximate decadal cycle. This is particularly pronounced in the clearest 
of the lakes. That the seasonality of lake transparency is relatively small compared 
to the interannual variations suggest that larger scale factors control temporal varia-
tions in transparency. However, the significant differences between lakes suggest 
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Fig. 2 (a) Time series observations of lake transparency as quantified by Secchi depth (m) and (b) 
monthly climatology of Secchi depth for each of the monitored lakes (colorbar is ANP designated 
lake code, see Fig. 1)
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that there are important geographical forces (land cover/land use, watershed mor-
phology and hydrology, lake depth, and residence time) that impact on the scale of 
the watersheds between lakes.

The Secchi depth in these lakes is strongly correlated to the DOC concentration 
measured over all the lakes in the sampling network and over the 20-year sampling 
interval. The dependence is nonlinear (Fig. 3a), with a rapid decline in transparency 
as the DOC concentration increases from lowest values. A suite of curves for the 
analytic model in Eq. 9 were computed for all combinations of parameter ranges. 
The best fit functions to the data (e.g., solid line in Fig. 3a) were obtained for param-
eter values of Ψ = 2.0–2.2, m  = 0.8–0.9, SUVA varying from 2.7 to 3.0 (l mg−1 m−1), 
and SCDOM varying from 0.0145 to 0.015 nm−1. The curve shown in Fig. 3a is that 
computed from the mean of these ranges.

The analytic model was used to estimate [DOC] from the complete time series 
observations of Secchi depth (Fig. 3b). The observed [DOC] values are superim-
posed to demonstrate both the reasonableness of the model results and the limited 
spatial and temporal extent of [DOC] observations, even after the onset of routine 
sampling in 1995. Measured and modeled [DOC] values range from approximately 
1 to 20 (mg l−1), with the majority of the observations between 2 and 6 (mg l−1). The 
RMS error between measured and modeled was 1.29 (mg l−1).

 Discussion

It appears that the dominant source of variations in lake transparency in the ANP 
lake system is caused by variations in CDOM and is strongly related to lake 
DOC. Although the ANP lakes certainly have phytoplankton and other particulate 
matter that would both absorb and scatter light, hence decreasing transparency, they 
either are not significant compared to CDOM (and thus may be the source of vari-
ability about the model) or covary with CDOM (and thus do not impact the model 
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prediction). The fourfold variations in transparency between lakes are associated 
with a sixfold variability in DOC. This suggests that there are significant variations 
in watershed properties driving the geographic variations in DOC and clarity. There 
is relatively little seasonal variability observed amongst the lake optical and DOC 
properties, a feature that is often observed in impounded water systems (Spencer 
et al. 2012). The interannual variations in lake transparency approach a factor of 2 
and are much larger than the seasonal variations, which are less than 5 %. This sug-
gests that there are large-scale factors that drive variations over the whole system. 
These are likely climate-scale variations in hydrology and/or variations in DOC 
mobilization due to changing atmospheric chemistry (Strock et al. 2016). Such 
large-scale processes induce coherent variations over the entire lake network. This 
is in contrast to the lake-to-lake variations due to local processes and landscape 
characteristics.

A simple analytic model for lake DOC based upon Secchi depth observations 
was derived from first principles using published values for model parameters. The 
goodness of fit of the model to the data suggests that the model assumptions are 
robust for this environment.

Idso and Gilbert (1974) suggest that the depth at which the Secchi disk disap-
pears coincides with the 18 % light level and thus Ψ would equal 1.7, although the 
exact value will vary depending upon the wavelength range of k (narrow band or 
PAR), and on the optical classification of the water. The clear blue waters of the 
Mediterranean, where the Secchi disk measurement originated (Wernand 2010), 
will necessarily have a different relationship than the turbid green waters of lakes 
due to the differing contributions to attenuation by absorbing and scattering con-
stituents in the blue versus green wavebands and the relative contributions of 
absorption and scattering to the water. Recent studies into the exact product of 
attenuation and Secchi depth show variability of order 10 %. For example Murray 
and Markager (2011) presented a range of 1.85–2.15 for Danish estuaries, while 
Armengol et al. (2003) found 1.49–1.98 for a Spanish reservoir, and Gallegos et al. 
(2011) observed a range of 1.0–2.2 for Chesapeake Bay. Values in the range of 
2–2.2 resulted in the strongest model for these data which is typical for greener 
waters and indicates that the Secchi depth in these waters represents the 11–13 % 
light level.

The average cosine, m , is strongly dependent upon the solar angle of incident 
irradiance and to second order on the scattering-to-absorption ratio and the shape of 
the volume scattering function. Secchi depth observations are generally collected 
between 10 a.m. and 2 p.m. to maximize the solar zenith angle. In addition, if 
CDOM absorption is very strong, the reduction in average cosine due to scattering 
is minimized. Thus values between 0.7 and 0.9 are expected (Kirk 1991). Indeed the 
higher values of 0.8–0.9 yielded the strongest model fit and are consistent with 
lower scattering waters and more direct solar beams that would typically be observed 
when the Secchi depth measurements were taken.

The assumptions were that the optical proxies for SUVA and the slope of CDOM 
absorption, SCDOM, observed over the extent of the four largest Maine watersheds on 
the mainland during 2004–2014 (Roesler et al. 2006 and Roesler, unpubl. data) 
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were robust for those on Mount Desert Island over the last three decades. Typical 
observed SUVA values were 3.93 ± 1.22 (l mg−1 m−1) and typical observed spectral 
slopes, SCDOM, were −0.0143 ± 0.0008 nm−1. The values that provided the strongest 
model fit were 2.7–3.0 for SUVA and moderate absorption slopes of 0.0145–0.0150, 
respectively. These values for SUVA suggest approximately 20 % aromaticity and 
are at the lower end of the range observed in a multi-year time series of 60 stations 
sampled in the four major river systems in Maine (Roesler et al. 2006 and unpub-
lished data). This is consistent with observations of impounded systems compared 
to riverine systems dominated by runoff (Spencer et al. 2012).

Despite the good fit of the analytic model to the observations, there are still 
significant variations in the distribution of the observations. Little information is 
available regarding whether there has been a concomitant change in DOM com-
position along with its increased quantity (EkströM et al. 2011), although studies 
have indicated a shift from autochthonous (microbial) to allochthonous (terres-
trial) sources (Jaffé et al. 2008; Monteith et al. 2007; Oulehle and Hruška 2009; 
SanClements et al. 2012). In a seminal study of 28 catchments in northern Europe 
having 35 years of monthly measurements, Erlandsson et al. (2008) reported that 
the increased DOM concentration alone could not account for the observed 
increases in water color (CDOM), suggesting that other factors such as photo-
chemical transformation and/or altered DOM sources might be responsible. Such 
changes in the chemical quality of DOM (color, content, and reactivity) can have 
important ecological and societal consequences including increased transport of 
associated contaminants to aquatic environments, decreased primary production 
due to light attenuation, loss of recreational value as a result of water brownifica-
tion, and increased water treatment costs for drinking water supplies impacted by 
high DOM content (De Wit et al. 2007; EkströM et al. 2011; Jaffé et al. 2008; 
Miller and McKnight 2010). Investigations linking DOM mobilization, transport, 
and transformation in study sites having long-term DOC records and well-estab-
lished land coverage/land-use patterns are needed to resolve these uncertainties. 
Extending the DOC records via such optical models as presented here provides an 
avenue for such investigations.
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Charlie and Collin met in 1996 at a dinner party in Connecticut hosted by Pieter 
Visscher from the University of Connecticut. It was love at first site but they lived 
over 3000 miles apart, Charlie in California and Collin in Connecticut. It was their 
common interest in aquatic systems and microorganisms that made their life 
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together possible. Charlie and his mentor, Ron Oremland at USGS, Menlo Park, 
CA, had worked extensively in Mono Lake, California. They had discovered a 
strange photosynthetic eukaryote that made its living under extreme conditions of 
low light and oxygen, and high pH and salinity. Ron turned over the project for them 
to find the story of this organism in the years of field data that had been collected. 
This allowed Collin to live for a few months in California to work with Charlie at 
USGS. When it became clear that more work was needed to understand the environ-
mental tolerances of the organism, Ron enabled Charlie to move to Connecticut for 
a few months to conduct experiments in Collin’s lab at the University of Connecticut. 
Collin’s student Stacey Etheridge (now DeGrasse, and another member of the dual-
career club) participated in these experiments with them. Putting the field and lab 
work together resulted in their first joint publication (Roesler, Collin S., Charles W. 
Culbertson, Stacey M. Etheridge, Ralf Goericke, Ronald P. Kiene, Laurence G. 
Miller, and Ronald S. Oremland. “Distribution, production, and ecophysiology of 
Picocystis strain ML in Mono Lake, California.” Limnology and Oceanography 47, 
no. 2 (2002): 440–452). They joke that Mono Lake is one of the unique places that 
could have brought together an oceanographer and a limnological microbial 
ecologist.

After 3 years of across the country courtship, they made the decision to leave all 
their friends, two amazing jobs (permanent position at USGS and tenure-track posi-
tion at the University of Connecticut), sell two beautiful houses, and move to coastal 
Maine. Collin was recruited to Bigelow Laboratory for Ocean Sciences by Barney 
Balch (who, as another member of the dual-career club, assured them that “miracles 
happen in Maine”) and Charlie eventually was able to transfer to the USGS Water 
Science Center in Augusta. Collin has since moved to Bowdoin College, where she 
teaches oceanography. So miracles do happen in Maine! They have good jobs which 
provide lots of interesting science discussions. They live with their beautiful twins, 
Jack and Maeva, on a lovely farm on the Sheepscot River, where the ocean and the 
freshwater co-mingle.
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      Phytoplankton Biodiversity 
in the Oligotrophic Northwestern 
Sargasso Sea                     

     James     L.     Pinckney      and     Tammi     L.     Richardson   

          Introduction 

 One of the fundamental properties of ecosystems is the relationship between diver-
sity and biomass. Phytoplankton are the major primary producers in oceanic sys-
tems and both their biodiversity and productivity determine the biomass and 
productivity of higher trophic levels (Irigoien et al.  2004 ; Vallina et al.  2014 ). 
Phytoplankton communities can be assembled by many co-occurring processes 
such as nutrient limitation, stoichiometry, top-down predation, turbulent mixing, 
mixotrophy, and taxon-specifi c life cycles, which vary in heterogeneous systems 
and also change in response to global climate cycles (Cloern and Jassby  2010 ; 
Finkel et al.  2010 ; Hillebrand et al.  2013 ). Reliable and repeatable measures of 
phytoplankton diversity are essential for understanding the relative importance of 
these processes on community assembly, structure, and function over time. Recent 
studies of oceanic phytoplankton diversity and biomass suggest that the relationship 
of biodiversity vs. biomass exhibits a unimodal function, similar to terrestrial com-
munities, with maximum diversity occurring at intermediate levels of phytoplank-
ton biomass (Irigoien et al.  2004 ; Vallina et al.  2014 ). Furthermore, the productivity 
and stability of phytoplankton communities increase with biodiversity at the com-
munity level (Tilman  1999 ; McCann  2000 ; Corcoran and Boeing  2012 ). Diversity 
indices (and associated values such as evenness, richness) may be used to provide a 
measure of biodiversity and as a bioindicator for ecosystem properties. For exam-
ple, a high and stable diversity index value over time is consistent with high resource 
use effi ciency and stable ecosystem functions (Ives and Carpenter  2007 ). 
Alternatively, a decrease in the diversity index at high biomass levels may signal 
monospecifi c phytoplankton blooms. 
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 Traditional diversity indices are usually based on species composition and popu-
lation abundances (Krebs  1999 ). The variety and phylogenetic associations of spe-
cifi c photosynthetic accessory pigments (chlorophylls and carotenoids) with 
different algal groups provide diagnostic biomarker compounds for differentiating 
the relative abundance of phytoplankton groups in mixed species assemblages (Roy 
et al.  2011 ). Photopigments and their concentrations are analogous to species and 
abundances, and provide the ability to assess phytoplankton diversity at the com-
munity level using common diversity indices (Noble et al.  2003 ; Sherrard et al. 
 2006 ; Pinckney et al.  2015 ). Thus, photopigment-based measures offer an effi cient 
way to quantify community or functional diversity at the level of major algal groups. 
Furthermore, microscopy and direct count preservation methods to enumerate spe-
cies may underestimate phytoplankton species richness while larger sample vol-
umes for high-performance liquid chromatography (HPLC) photopigment analysis 
are more likely representative “true” phytoplankton community composition 
(Cermeño et al.  2014 ). 

 Numerous studies of the phytoplankton communities in the northwestern 
Sargasso Sea near Bermuda have been reported, especially associated with the 
Bermuda Atlantic Time-Series Study (BATS) (Bidigare et al.  1990 ; Steinberg et al. 
 2001 ; Not et al.  2007 ; Lomas et al.  2010 ; Treusch et al.  2012 ). However, none of 
these studies attempted to quantify the phytoplankton diversity-biomass relation-
ship. The oligotrophic Sargasso Sea provides an ideal environment for examining 
the characteristics of the upward slope of the diversity-biomass curve because very 
few natural systems (both terrestrial and aquatic) exhibit such extreme low abun-
dances of autotrophs. Measures of the phytoplankton diversity-biomass relation-
ship, especially for low biomass concentrations, are essential for determining 
community assembly characteristics under oligotrophic conditions, which charac-
terize much of the world’s oceans. The purpose of this study was to use photopig-
ment concentrations to quantify the relationship between diversity measures and 
biomass for Sargasso Sea phytoplankton. We further apply biodiversity indices to 
determine if photopigment-based diversity differs between major oceanographic 
features such as cyclonic and anticyclonic eddies, and among stations within these 
eddies.  

    Materials and Methods 

 Data were collected on four cruises in the Sargasso Sea (Table  1 ). On all but one 
cruise (1206), sampling was conducted at three stations: at the center of a mesoscale 
eddy, the approximate edge of an eddy, and the Bermuda Atlantic Time Series 
(BATS) site (31.667° N, 64.167° W) (Cotti-Rausch et al.  2016 ). Hydrocasts were 
performed before dawn. Samples (1–2 l) for determination of diagnostic photopig-
ments by HPLC were collected from discrete depths (0–100 m) on all casts and fi l-
tered under gentle vacuum onto Whatman GF/F fi lters (Pinckney et al.  1996 ). Each 
fi lter was folded and placed into a 1.5 ml cryotube and immediately frozen at 
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−80 °C. At the end of each cruise, fi lters were shipped in liquid nitrogen to the 
University of South Carolina where they were stored at −80 °C until analysis.

   Phytoplankton photopigment concentrations were measured using HPLC (Roy 
et al.  2011 ). Filters were fi rst lyophilized for 18–24 h at −50 °C. Photopigments were 
then extracted by adding 750 μl of 90 % aqueous acetone solvent followed by storage 
for 12–20 h at −20 °C. Filtered extracts (250 μl) were injected into a Shimadzu HPLC 
with a single monomeric column (Rainin Microsorb, 0.46 × 1.5 cm, 3 μm packing) 
and a polymeric (Vydac 201TP54, 0.46 × 25 cm, 5 μm packing) reverse-phase C18 
column in series. A nonlinear binary gradient consisting of solvent A (80 % metha-
nol: 20 % 0.5 M ammonium acetate) and solvent B (80 % methanol: 20 % acetone) 
was used for the mobile phase (Pinckney et al.  2001 ). Absorption spectra and chro-
matograms (440 ± 4 nm) were obtained using a Shimadzu SPD- M10av photodiode 
array detector and pigment peaks were identifi ed by comparing retention times and 
absorption spectra with pure standards (DHI, Denmark). The synthetic carotenoid 
β-apo-8′-carotenal (Sigma) was used as an internal standard. The effective limit of 
detection for all pigments was <0.004 μg l −1  (Hooker et al.  2010 ). 

 Measures of photopigment diversity for each sample were calculated using the 
individual pigments and concentrations as variables in standard diversity indices 
(Primer v. 5) (Krebs  1999 ; Noble et al.  2003 ; Sherrard et al.  2006 ; Pinckney et al. 
 2015 ). Pigment concentrations (in units of μg l −1 ) were multiplied by 1000 for diver-
sity calculations, which included Margalef’s richness ( d ; an index based on the 
number of different photopigments in a sample):

  
d

S

N
=

-( )1

log    

where  S  is the total number of pigments in the sample and  N  is the total number of 
possible pigments (Krebs  1999 ). Pielou’s evenness ( j ′) is a measure of the relative 
concentrations for each photopigment and quantifi es the equality of the concentra-
tions of pigment for each photopigment (Krebs  1999 ):

  
j

H

S
¢

¢
=

log    

where  H ′ is the Shannon-Wiener diversity index which is calculated by (Krebs 
 1999 ):

  
¢ = - ( )åH p pi e ilog

   

where  p  i  is the proportion of the total count from the  i th pigment. Pielou’s evenness index 
ranges from 0 to 1 with higher values indicating more even distributions. The Shannon-
Wiener index and Margalef’s evenness index usually range between 1.5 and 3.5. 

 The 11 photopigments used for the diversity calculations were alloxanthin 
 (cryptophytes), chlorophyll  b  (chlorophytes), chlorophyll c 3  (haptophytes), fuco-
xanthin (diatoms), lutein (chlorophytes), peridinin (dinofl agellates), prasinoxanthin 
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(prasinophytes), zeaxanthin (cyanobacteria), 9′ cis-neoxanthin (chlorophytes, pra-
sinophytes), 19′ butanoyloxyfucoxanthin (haptophytes, pelagophytes), and 19′ hex-
anoyloxyfucoxanthin (haptophytes, coccolithophytes). Chl  a  was excluded because 
it is common to all phytoplankton groups. The HPLC method used in this study 
could not fully resolve di-vinyl chl  a  from mono-vinyl chl  a . Thus, chl  a  as reported 
in this chapter represents the sum of the weights of mono-vinyl chl  a , di- vinyl chl  a , 
as well as epimers and allomers of chl  a . Thus we were unable to separate prochlo-
rophytes from the total phytoplankton community. The combined data were used to 
determine sample sizes necessary for accurate estimates of mean values for rich-
ness, evenness, and diversity based on pooled sample variance (Eckblad  1991 ). 

 Data were tested for normality using a Kolmogorov-Smirnov test. As data were 
non-normal, they were then compared among the four different cruises and 11 sta-
tions using a nonparametric Kruskal-Wallis test. Post hoc means comparisons were 
done using a Mann–Whitney  U  test with a Bonferroni correction for multiple pair- 
wise comparisons (Dytham  2011 ).  

    Results 

 The combined data set included 1642 measurements of phytoplankton photopig-
ments in samples collected from a range of water mass types and depths to 100 m. 
The pooled variances for richness, evenness, and diversity were 0.140, 0.005, and 
0.193, respectively. Estimates of the mean within ±10 % of the true mean at a 0.05 
level of signifi cance would require sample sizes of 50, 3, and 36 for richness, even-
ness, and diversity, respectively. Thus, our sample size, even if divided by 11 for 
among-station comparisons, was suffi ciently large enough for robust calculations. 

 The average chl  a  concentration was 0.195 (±0.151 SD) and ranged from 0.008 
to 0.905 μg l −1 . Margalef’s richness index averaged 1.070 (±0.374 SD) and gener-
ally increased with an increase in chl  a  concentration, while the variation in richness 
was highest at low biomass values (Fig.  1 ). Pielou’s evenness index averaged 0.837 
(±0.068 SD) and chl  a  concentrations showed no obvious pattern other than high 
variation at low chl  a  concentrations (Fig.  1 ). A plot of richness vs. evenness indi-
cated that the two indices were not correlated (Fig.  2 ).

    The Shannon-Wiener photopigment diversity index averaged 1.484 (±0.440 SD) 
and ranged from 0.323 to 2.147 (Fig.  3 ).  H ′ values increased sharply with biomass 
until reaching a chl  a  concentration of approximately 0.2 μg l −1 . The data were fi t to 
a saturating hyperbolic type equation to yield the following relationship:

   

Photopigment diversity
chl

chl
H¢( ) = ´

+( )
æ

è
çç

ö

ø
÷÷1 93

0 033
.

.

a

a
   

where chl  a  is the concentration of chl  a  (μg l −1 ) for each respective sample, 1.93 
(±0.13 SE) is the maximum diversity, and 0.033 (±0.001 SE) is the half-saturation 
constant for diversity (adj  r  2  = 0.62,  p  < 0.001). The maximum possible diversity, 
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assuming equal concentrations of all 11 photopigments, could be as high as 2.40. 
Thus the measured maximum diversity (1.93) is lower than the theoretical maxi-
mum (2.40). These results suggest that phytoplankton diversity increases with bio-
mass, but reaches a maximum value of 1.93 for chl  a  concentrations >1.0 μg l −1 . The 
concentrations of individual diagnostic pigments were plotted as a function of chl  a  
to determine if there were any consistent trends between low diversity and certain 
algal groups (Fig.  4 ). Although pigment and chl  a  concentrations are autocorrelated, 
there were no consistent trends between low biomass and specifi c algal groups. 
Thus there does not appear be a particular algal group assemblage characteristic of 
lower diversity. A frequency distribution was constructed for the photopigment 
diversity index ( H ′) values to further examine the range in  H ′ over the study area 
(Fig.  5 ). The plot illustrates a number of occurrences of low diversity (i.e., <1.5) and 
suggests a mosaic pattern of patches within which diversity ranges over a gradient 
of values.

    Diversity showed a signifi cant difference between stations ( χ  2  = 370,  p  < 0.001) 
(Fig.  3 ). Post hoc comparisons showed that  H ′ at the BATS station sampled in 
February of 2011 was signifi cantly higher than diversity at all other stations 
( p  < 0.05) (Fig.  3 ). Diversity was also high at the edge of the anticyclone on that 
same cruise, but otherwise the data do not show a clear pattern in the relative diver-
sity for cyclonic vs. anticyclonic eddies or for stations within an eddy (Fig.  6 ).
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  Fig. 3    Scatterplots of photopigment diversity index ( H ′) vs. chlorophyll  a . Parameters for the fi t-
ted Michaelis-Menten curve are shown on the graph (adj  r  2  = 0.62).  Dashed lines  illustrate maxi-
mum photopigment diversity (Diversity max ) and the half-saturation constant ( K  chla ).  Shading  around 
the curve indicates the 95 % confi dence interval for the regression       
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  Fig. 4    Scatterplots of individual photopigments vs. phytoplankton biomass (chl  a ). The major 
algal groups associated with each pigment are indicated on each plot       
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       Discussion 

 The data used in our analysis were obtained from a series of oceanographic cruises 
that covered a wide area (ca. 860 × 10 3  km 2 ) of the Sargasso Sea over a 2-year time 
span. The large sample size (1642) constitutes a signifi cant survey of the variation 
in phytoplankton community composition in the upper 100 m of the water column 
for this region. 

 Values for Margalef’s richness and Pielou’s evenness fall within the bounds cal-
culated for phytoplankton from oceanic ecosystems (Irigoien et al.  2004 ; Vallina 
et al.  2014 ). The most striking feature for the richness and evenness data is the rela-
tively high variability in these indices relative to phytoplankton biomass. These 
results, combined with the lack of a correlation between richness and evenness, 
suggest that, although the Sargasso Sea is an oligotrophic system, phytoplankton 
community diversity is quite heterogeneous. The phytoplankton assemblages within 
the low biomass patches are also quite variable, with a range of algal groups being 
represented in even the lowest biomass patches. 

 The Sargasso Sea typifi es the paradigm of high diversity and low biomass for oli-
gotrophic waters. Our results illustrate this paradigm but suggest that there is a critical 
value at which a reduction in phytoplankton biomass is related to a rapid decrease in 
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  Fig. 6    Boxplots of photopigment diversity index ( H ′) for each of the water mass types sampled in 
this study. Sample sizes for each boxplot are indicated along the  left y -axis. Locations that were not 
signifi cantly different ( p  < 0.05) are shown by the  vertical lines  and  bold letters  on the  right . 
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diversity (or vice versa). For the Sargasso Sea, this critical value seems to be in the 
range of 0.1–0.2 μg chl  a  l −1 . Nutrient availability likely regulates phytoplankton bio-
mass at these levels and therefore may also determine phytoplankton diversity of 
major phytoplankton groups such as diatoms, dinofl agellates, and cyanobacteria 
(Irigoien et al.  2004 ). However, Vallina et al. ( 2014 ) contend that grazer control with 
selective feeding produces the positive slope from low to intermediate productivity. 

 Using a smaller data set (353 water samples), Irigoien et al. ( 2004 ) report a uni-
modal function between phytoplankton diversity and phytoplankton biomass for 
global oceans. The diversity-biomass relationship shown in the present study repre-
sents the upper slope of this unimodal curve and we provide a quantifi cation of the 
curve characteristics. Our data do not include any “bloom” concentrations (e.g., 
>2 μg chl  a  l −1 ) of phytoplankton, so we cannot determine if Sargasso Sea phyto-
plankton indeed follow a unimodal function. The Shannon-Wiener diversity index 
calculated by Irigoien et al. ( 2004 ), which was based on microscopic identifi cations 
of individual species, showed a maximal diversity value of ca. 2.5, which is compa-
rable to our photopigment-based estimates of diversity. 

 The oceanographic cruises in this study collected phytoplankton samples from 
two cyclonic (cold-core) and anticyclonic (warm-core) eddies in the Sargasso Sea. 
It is perhaps not surprising that we saw no signifi cant trends in diversity among 
cruises or among stations within a cruise, because of the high degree of sub- 
mesoscale (1–10 km scale) variability that results from the physics of eddy circula-
tion (e.g., McGillicuddy et al.  1998 ). At even smaller scales (1–100 m) we observed 
signifi cant variations in phytoplankton community composition (estimated by 
CHEMTAX analysis of the HPLC-derived photopigment concentrations used in 
this paper) with depth (Cotti-Rausch et al.  2016 ). In some cases, diversity of phyto-
plankton collected at the chlorophyll maximum was much higher than in popula-
tions nearer to the surface. This follows the general trend of increased  H ′ with chl  a  
concentration that we saw in the aggregated data set. 

 The characteristics of eddy circulation and associated nutrient fl uxes likely play 
a major role in maintaining phytoplankton diversity in the Sargasso Sea. These fea-
tures produce a range of habitats supporting a wide range in phytoplankton biomass. 
The signifi cant positive relationship between diversity and biomass illustrated in 
this study shows that nutrient inputs associated with eddies likely foster phyto-
plankton diversity. As nutrients become depleted, diversity also declines, but the 
algal group assemblages vary in the nutrient-depleted patches. The implication of 
this study is that phytoplankton biomass levels above ca. 0.2 μg chl  a  l -1  are neces-
sary to maintain biodiversity for this region of the Sargasso Sea. Increases in bio-
mass above this threshold do not result in substantial changes in diversity. Since 
phytoplankton biomass is likely regulated by nutrient availability at these low con-
centrations, nutrient supply may be the key regulator for diversity in this system. 
Unlike terrestrial systems, extremely low concentrations of phytoplankton biomass 
can result in a variety of algal group assemblages.     
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    James L. Pinckney and Tammi L. Richardson 

 Tammi and Jay fi rst met when Tammi was being interviewed for a postdoc position 
in Hans Paerl’s lab at the UNC Institute of Marine Sciences (IMS). The opening was 
to replace a guy named Jay Pinckney, who was leaving for a tenure-track position in 
the Oceanography department at Texas A&M. The project focused on the effects of 
different forms of nitrogen on phytoplankton community composition in the Neuse 
River Estuary. Tammi got the job, and since Jay was a PI on the project he traveled 
back and forth to Morehead City during the fi rst year to participate in the microcosm 
experiments (that was his story anyway). This project resulted in their fi rst publica-
tion together (Richardson et al. 2001). After a year or so apart, and when her postdoc 
ended, Jay likes to say that Tammi “followed him to Texas.” Really, she was incred-
ibly fortunate to land a soft-money position at Texas A&M, working with George 
Jackson on inverse modeling of marine food webs. Jay was well into his Assistant 
Professor position by this time and was working with his fi rst graduate students on 
phytoplankton communities in Galveston Bay. Tammi and Jay lived in College 
Station for about 5 years, during which they got married, built a house, and had a 
baby (pretty much in that order). Before the arrival of said baby (Jacob Linehan 
Pinckney), however, Tammi saw an ad for a tenure-track Assistant Professor posi-
tion in Biological Oceanography at the University of South Carolina. She applied, 
interviewed at 12 weeks gestation, and was offered the position. The clever folks at 
U-SC knew that they were dealing with a dual-career couple and they successfully 
convinced their Provost to create a second position for Jay. Tammi and Jay moved to 
Columbia and started their new jobs as Assistant and Associate Professor, respec-
tively, in January of 2005. Jay is amazed and/or dismayed by the fact that he went to 
Texas as a bachelor, with all of his worldly belongings in the back of his Isuzu pick-
up truck, but returned to his home state of South Carolina with a wife, a baby, two 
cats, a graduate student, the graduate student’s girlfriend (now wife), and the gradu-
ate student’s turtle in a convoy of two cars and a moving van that contained the 
contents of two laboratories and a house. Tammi doesn’t necessarily recommend 
starting a tenure-track job with a 4-month-old baby, but it clearly worked out ok. 
Tammi and Jay were both promoted to Professor at U-SC in January of 2015 and 
continue to enjoy teaching, advising graduate students, and working in the fi eld 
whenever possible.   
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      Biological Oceanography of the Gulf 
of Carpentaria, Australia: A Review                     

     Peter     C.     Rothlisberg     and     Michele     A.     Burford    

          Introduction 

 The world’s shallow shelf waters are typically well studied, by virtue of being close 
to much of the world’s human population which live on or near the coast. The Gulf 
of Carpentaria (GoC) in tropical northern Australia is an exception to this, despite 
being a similar size to the North Sea. This remote environment has a low human 
population inhabiting coastal areas (ca. 30,000 permanent residents as of June 2013, 
 Australian Bureau of Statistics ), and has been recognised as one of the world’s least 
impacted marine ecosystems (Halpern et al .   2008 ). Tropical northern Australia (i.e. 
Northern Region) is viewed as a region of high ecological value (DEWHA  2008 ); 
however, the biodiversity of the pelagic fauna is poorly understood (Rothlisberg 
et al .   2005 ).  

    Study Area 

 The Gulf of Carpentaria and adjacent Arafura Sea form a low-latitude epicontinen-
tal sea between Australia and Papua New Guinea which have fl uctuated between 
open-ocean, estuarine and lacustrine (Lake Carpentaria) environments during the 
sea-level changes of the Late Quaternary (Chivas et al .   2001 ) (Fig.  1 ). The fi nal 
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marine transgression occurred about 9.7 ka (Chivas et al .   2001 ). The area is bounded 
in the west by the Arafura Sill (53 m [= Wessel Rise]) and on east by the Torres 
Straight Sill (12 m). These sills limit water exchange with the Coral Sea to the east 
and the Timor Sea and Indian Ocean to the west (Forbes  1984 ; Condie and Dunn 
 2006 ; Condie  2011 ).

   The present Gulf is large (ca. 3.5 × 10 5  km 2 ) and shallow (mean depth 50 m, 
maximum depth 70 m) and lies between 12 and 17.5°S latitude. The seasonal winds 
and mixing are dominated by two monsoons. During the summer (October–March) 
wet season, winds are from the northwest. Studies by Rothlisberg and his colleagues 
showed that the winds are variable in strength allowing stratifi cation in the deeper 
waters of the Gulf (Rothlisberg et al .   1989 ). Rainfall is also highly seasonal, with 
80 % of tropical Australia’s annual mean precipitation falling from December to 
March (Bureau of Meteorology  1988 ). In contrast, in the winter dry season (April–
September), winds are persistently from the southeast which mixes the entire water 
column (Burford and Rothlisberg  1999 ).  

  Fig. 1    Gulf of Carpentaria, Australia and adjacent seas       
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    Currents and Hydrography 

 Our understanding of the Gulf’s current regimes relies heavily on modelling studies 
with limited tidal and current observations (Forbes and Church  1983 ; Rothlisberg 
et al.  1983a ,  1996 ; Wolanski  1993 ; Condie et al.  1999 , and Condie  2011 ). Within 
the Gulf there are two distinct zones: a turbid, well-mixed, nearshore zone with a 
depth to a maximum of 15–20 m, and deeper waters separated from the coastal zone 
by a boundary (buoyancy) current (Wolanski and Ridd  1990 ; Wolanski  1993 ). River 
run-off and nutrients are effectively trapped within the coastal zone by the boundary 
current (Rothlisberg et al.  1994 ; Burford et al .   2009 ). The Gulf’s high tidal and wind 
mixing dominates over advective processes and there is limited water exchange 
with adjacent seas (Forbes  1984 ; Condie  2011 ). Condie ( 2011 ) estimated a fl ushing 
timescale for the entire Gulf to be in excess of 2 years. 

 A hydrographic atlas has been published (Rothlisberg et al.  1989 ). The Atlas 
plots and contours the surface, bottom and difference in temperature, salinity, 
sigma-t, dissolved oxygen, nitrate + nitrite and silicate values at all stations sampled. 
A link to the printed report is in the references and data fi les can be retrieved via 
http://dx.doi.org/10.4225/08/5593848D9FE36.  

    Phytoplankton and the Role of Nutrients 

 The Gulf has a more diverse net phytoplankton community with elaborate mor-
phologies compared with Australian subtropical and temperate waters (Hallegraeff 
and Jeffrey  1984 ). Morphologies include large spines, setae and wing-like struc-
tures. The benefi ts of this morphology are unclear but may be related to improving 
buoyancy in the warm tropical waters, protection against predators and/or increased 
nutrient uptake. Analysis of net samples revealed 72 genera with a dominance of 
diatom species ( Rhizosolenia, Chaetoceros,  and  Thalassionema ) as well as the fi la-
mentous nitrogen-fi xing cyanobacterium,  Trichodesmium  (Rothlisberg et al .   1994 ; 
Burford et al .   1995 ). A number of the diatom species contained the symbiotic 
nitrogen- fi xing cyanobacterium,  Richelia,  presumably to provide an additional 
source of nitrogen for the diatom. Previous studies had also highlighted the impor-
tance of nanoplankton (70–95 % of total chlorophyll  a ) in the central Gulf in sum-
mer (Hallegraeff and Jeffrey  1984 ; Rothlisberg et al .   1994 ). The species are similar 
to those found in Australian subtropical and temperate waters. 

 The Gulf of Carpentaria has some of the highest depth-integrated primary pro-
ductivity rates in Australia’s coastal waters (Condie and Dunn  2006 ) but compara-
ble with other tropic regions, e.g. Furnas and Mitchell ( 1996 ). The fi rst study of 
primary productivity in the Gulf of Carpentaria was by Motoda et al .  ( 1978 ), but 
they only undertook their incubations at one light level. Since then Burford and 
Rothlisberg have undertaken a number of cruises to measure primary productivity 
in both the deep and shallow regions of the Gulf (Rothlisberg et al .   1994 ; Burford 
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and Rothlisberg  1999 ). The studies showed two key features: productivity was 
higher in summer (660–1430 mg C m −2  day −1 ) than winter (560–750 mg C m −2  
day −1 ) due to calmer, stratifi ed conditions in the summer period, compared with the 
wind-mixed waters in winter (Table  1 ). However, cyclones [= hurricanes] in the 
summer monsoon period can also cause periodic mixing of the whole water column 
(Burford et al.  2009 ).

   The high productivity in offshore waters in summer months is despite surface 
nitrate/nitrite and phosphate concentrations being near detection limits (<0.3 μmol 
l −1 ) (Burford and Rothlisberg  1999 ). The low nutrient levels combined with molar 
nitrogen:phosphorus ratios of 0.8–8.2 suggest that the Gulf is likely to be nitrogen 
limited. In this environment, nitrogen-fi xing cyanobacteria dominate, i.e. 
 Trichodesmium  spp. (Burford et al.  1995 ). It may also explain why so many diatom 
species have symbiotic nitrogen-fi xing cyanobacteria, such as  Richelia.  

 During summer, the chlorophyll maximum zone is relatively deep in the water 
column and the main source of nitrogen is via benthic mineralization of nitrogen 
fi xed by cyanobacteria, i.e.  Trichodesmium  (Burford et al .   2009 ). Nitrogen fi xation 
rates in blooms in this study were as high as 76 μmol N m −2  h −1 . In winter, primary 
productivity is fuelled by wind-driven mixing bringing accumulated nitrogen from 
the bottom waters to the surface, but light limited because of the re-suspension of 
fi ne sediments, as well as the calcareous coccoliths from previous coccolithophorid 
blooms (Brown and Yoder  1994 ; Burford and Rothlisberg  1999 ). 

 While understanding of the deeper waters of GoC is based on a limited number 
of cruises, studies of the coastal waters (<20 m deep) are even more limited. A sig-
nifi cant proportion of the area of the GoC is within the coastal boundary layer and 
includes large areas of seagrass beds (11 species, 906.4 km 2 , in 671.1 km of fringing 
coastline) (Poiner et al.  1987 ; Condie and Dunn  2006 ). These shallow environments 
have considerable sediment re-suspension due to tidal mixing, and at times, wind 
mixing, resulting in high light attenuation, reducing primary productivity rates. 
Additionally these environments are on the receiving end of sediment and nutrient 
loads from freshwater runoff during the wet season (Rothlisberg et al .   1994 ; Burford 
et al.  2012 ). Freshwater runoff triggers recruitment of estuarine shrimp into the 
offshore fi shery as the low salinity drives the shrimp from their estuarine nursery 
grounds to higher salinity waters (Vance et al.  1985 ); however, the role of the fresh-
water runoff on coastal productivity remains poorly understood.  

   Table 1    Seasonal and spatial variation in primary productivity in the Gulf of Carpentaria (mean 
(SD of stations), mg C m −2  day −1 )   

 Season  Shallow (<20 m)  Deep (>20 m)  Source 

 Summer  1430 (400)  660 (108)  Rothlisberg et al. ( 1994 ) 
 Summer  950 (320)  950 (130)  Burford and Rothlisberg ( 1999 ) 
 Winter  750 (380)  560 (350)  Burford and Rothlisberg ( 1999 ) 
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    Zooplankton 

 There are only two published studies specifi cally on the zooplankton community of 
the GoC: zooplankton biomass estimates by Rothlisberg and Jackson ( 1982 ), and a 
copepod species list and associated biogeographic affi nities with Southeast Asian 
seas (Othman et al .   1990 ). 

 Zooplankton biomass was measured at up to 72 stations on ten Gulf-wide cruises 
over a 20-month period from August 1975 to May 1977 (Rothlisberg and Jackson 
 1982 ). Stepped oblique tows from surface to near-bottom with paired plankton nets 
with both 142 and 500 μm mesh were made. The mean biomass estimate (142 μm 
net) over all cruises and all stations was 77 mg m −3  (range 50–123 mg m −3 ) and 
compares with the very high abundances found only in seasonal upwelling areas 
south of Java and off the northwest shelf of Australia. 

 Othman et al.  1990  used the 142 μm mesh samples from a 23-station subset from 
the same ten cruises to characterize the copepod community and found 102 species: 
68 from the sub-order Calanaoida, 30 Cyclopoida and 4 Harpacticoida—13 of these 
species were new to science and 23 were new records for Australia. 

 Mean copepod numbers were higher in the inshore waters (<20–30 m) especially 
on the mid-eastern shore (Othman  1986 ). Abundances dropped in deeper waters in 
the central and northern Gulf. Conversely, inshore stations generally had fewer spe-
cies. Numbers increased with depth and distance from shore. The top ten species 
accounted for ca. 60 % of the total numbers of copepods sampled (Table  2 ). The 
calanoid copepod  Parvocalanus crassirostris  was the most abundant species 
accounting for almost 17 % of the copepod abundance. The most abundant harpac-
ticoid and second most abundant species was  Euterpina acutifrons . Five cyclopoid 
species from the genera  Oithona  and  Oncaea  were in the top ten— Oncaea clevei  
was the most abundant.

   Table 2    Top ten species of copepod based on total abundance (No. m -3 ) over ten cruises in the 
Gulf of Carpentaria (modifi ed from Othman ( 1986 ))   

 Rank  Species  Total abundance (no. m −3 ) 
 Cumulative percent 
abundance 

 1.   Parvocalanus crassirostris   19,111  16.7 
 2.   Euterpina acutifrons   11,248  26.5 
 3.   Paracalanus aculeatus   11,074  36.2 
 4.   Oncaea clevei   6746  42.0 
 5.   Oithona plumifera   3951  45.5 
 6.   Oncaea venusta   3705  48.7 
 7.   Parvocalanus latus   3271  51.6 
 8.   Parvocalanus elegans   3183  54.4 
 9.   Oncaea media   3133  57.1 
 10.   Oithona simplex   3039  59.7 
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   Three species assemblages emerged from cluster analysis: inshore, intermediate 
and offshore (Othman  1986 ). The coastal assemblage was consistent in both the wet 
and dry seasons. During the dry season more stations had assemblages in the off-
shore cluster, while during the wet season the number of stations in the intermediate 
assemblage cluster doubled and extended into the southern Gulf. 

 This warm neritic fauna had at least 88 species in common with adjacent 
Southeast Asian seas (e.g. Arafura, Timor, Banda and Flores Seas), and 79 species 
in common with the Coral Sea off the northeastern coast of Australia (Othman et al. 
 1990 ). Data fi les are available through linkages in Davies et al. ( 2014 ).  

    Penaeid Prawn Larval Ecology 

 The most detailed and systematic studies of the zooplankton were focused on the 
larval ecology of commercially important penaeid prawns [= shrimp]. Studies of 
larval ecology involve resolving factors that affect survival and dispersal to deter-
mine reproductive dynamics and recruitment success. Worldwide these types of 
study with penaeids had not been possible because the early larval stages (those 
close to spawning) could not be identifi ed to the species level. Rothlisberg et al. 
( 1983  b ) were successful in resolving this dilemma by building a reference collec-
tion from known spawners and developing a numerical taxonomic technique using 
discriminant function analysis. They found that the four commercially important 
species of  Penaeus :  P. merguiensis ,  P. esculentus ,  P. semisulcatus  and  P. latisulcatus  
had different spawning locations and seasons (Rothlisberg et al.  1987 ). Further they 
found the temperatures and salinities where peak larval abundance occurred 
(Rothlisberg and Jackson  1987 ). 

 Preston et al. ( 1992 ) studied the role of phytoplankton in the Gulf of Carpentaria 
as a food source for penaeid prawn larvae. They spawned and cultured larvae at sea 
and then in novel in situ cage studies showed that diatoms were an important food 
source but that food availability did not appear to be a key driver of survival. 
Conversely, a laboratory study with the dominant cyanobacterium,  Trichodesmium , 
found that it was a poor food source for penaeid prawn larvae (Preston et al.  1998 ).  

    Larval Dispersal Mechanisms 

 Penaeid prawns in the genus  Penaeus  have a mixed life cycle, with offshore spawn-
ing and nearshore or estuarine nursery grounds (type 3 life cycle; Dall et al.  1990 ). 
Early studies on the vertical migratory behaviour of the offshore larvae showed that 
they were lower in the water column by day and higher by night and were exposed 
to different current strengths and directions depending on their position in the water 
column (Rothlisberg  1982 ). More sophisticated sampling and modelling put this 
behaviour into a wider seasonal and spatial context and demonstrated differences in 
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larval dispersal with different ontogenetic behavioural regimes and seasonal differ-
ences in tidally dominated currents (Rothlisberg et al.  1983a ). Rothlisberg et al. 
( 1995 ) also showed the point in the life history and nearshore proximity that post-
larvae switched their vertical migratory behaviour from diurnal to a tidal behaviour 
in a study off the east coast of Australia with the eastern king prawn  P. plebejus . 
This study showed that larvae are concentrated onshore and drawn into estuaries on 
the fl ood tide once they have settled on the bottom as postlarvae, are in shallow 
water, and need only respond to a pressure cue. This transition depth, based on 
nearshore sampling, was estimated to be ≤20 m. The study also estimated the spa-
tial extent of the drawing capacity of the estuary based on alongshore current speeds 
and tidal exchange volumes. The modelling approach was then transplanted back to 
the Gulf of Carpentaria which estimated the spatial extent (defi ned as the ‘advective 
envelope’) of the spawning population (called the ‘effective spawning population’) 
which gave rise to the postlarvae that reached the obligatory estuarine nursery 
ground and gave rise to the next generation of spawners and commercial catch 
(Rothlisberg et al.  1996 ). The modelled depth of this behavioural switch [= ‘transi-
tion depth’] was again 20 m, but was later shown in laboratory studies by Vance and 
Pendrey ( 2001 ) to be 4–8 m depending on species and postlarval size. These very 
shallow coastal areas lie inshore of most of the commercial fi shing grounds.  

    Summary Points 

•     While the Gulf lies within tropical latitudes, it is highly seasonal. Seasonal shifts 
in monsoonal winds and rainfall patterns affect current and mixing regimes; phy-
toplankton productivity and reproductive seasonality and recruitment of coastal 
marine species (e.g. penaeid prawns). The extent and offshore mixing of nutri-
ents from continental runoff are limited by a coastal boundary current.  

•   Phytoplankton productivity is high and dominated by nanoplankton. 
 Trichodesmium  and diatoms with nitrogen-fi xing symbionts dominate the net 
phytoplankton. Nitrogen inputs from nitrogen fi xers are an important nutrient 
input to deeper waters whilst the shallow waters are seasonally infl uenced by 
nutrients from freshwater runoff.  

•   The Gulf’s zooplankton community is biodiverse with relatively high biomasses 
and inferred productivity. With only limited water exchange, it shares species 
with adjacent seas to both the east and west.  

•   Recruitment of penaeid prawn postlarvae to nearshore and estuarine nursery 
grounds is controlled by the interaction between ontogenetic changes in larval 
and postlarval behaviour and both alongshore and tidal currents. This mecha-
nism is controlled by a conservative environmental cue (i.e. pressure) and thereby 
provides a recruitment mechanism across a wide range of coastal habitats and 
current regimes. Further, the spatial extent of the recruitment mechanism defi nes 
the effective spawning populations of these variable and commercially important 
coastal species.    
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 These pioneering studies have laid the foundation for future studies including the 
impact of climate changes, and coastal and catchment development pressures.     

    Peter C. Rothlisberg and Michele A. Burford 
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 Michele completed a Ph.D. on nutrient cycling in prawn aquaculture ponds at the 
University of Queensland in Marine Botany under the supervision of Bill Dennison 
and Pat Glibert (University of Maryland) in 2001. In 2002, Michele and Peter were 
married. In 2003, Michele moved to Griffi th University and broadened her interests 
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      Discerning the Causes of Toxic Cyanobacteria 
( Lyngbya majuscula ) Blooms in Moreton Bay, 
Australia                     

     Judith     M.     O’Neil      and     William     C.     Dennison   

          Introduction 

 The waters of Moreton Bay, Queensland, Australia, have experienced large scale 
blooms of the toxic cyanobacterium  Lyngbya majuscula , beginning in the late 
1990s.  Lyngbya majuscula  had been observed incidentally in the region (Cribb and 
Cribb  1954 ), but large scale blooms had not been described previously. The magni-
tude of the bloom was brought to the attention of scientists in 1997 by the Catchment 
Coordinator for the Pumicestone Passage in the northern portion of Moreton Bay 
(Oliver and Dennison  2013 ). Fishermen from the Deception Bay region of Moreton 
Bay were experiencing severe skin rashes, which they were attributing to contact 
with what the fi shermen were colloquially calling “fi reweed.” Samples were subse-
quently identifi ed as  Lyngbya majuscula  based on cellular characteristics such as 
wide fl attened cells and a prominent sheath (Fig.  1 ) (Dennison et al.  1999 ).  Lyngbya 
majuscula ’s most distinguishing feature, however, was the ability to produce toxins 
that cause contact dermatitis, which corresponded to fi shermen’s reports of skin 
rashes (Osborne et al.  2001 ,  2008 ). This prompted the initiation of what would 
develop into a decade long research project investigating the factors responsible for 
stimulating the proliferation of these blooms in Moreton Bay.

   The initial bloom site was in Deception Bay, an embayment on the northwestern 
side of Moreton Bay, but the bloom spread to other locations around the Bay, in 
particular, the Eastern Banks (Fig.  2 ). Over the years, however, Deception Bay has 
remained the “hot spot” for these blooms, with very consistent, nearly annual blooms. 
In an attempt to decipher the specifi c factors that promoted these consistent blooms, 
we investigated various chemical, biological, and physical factors that affected  L. 
majuscula  growth parameters (Watkinson et al.  2005 ), including nutrient uptake, 
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  Fig. 1     Lyngbya majuscula  ( a ) fl oating up from benthos taking seagrass with it to the surface; ( b ) 
microscopic view; and ( c ) raked up by fi sherman off of seagrasses in Deception Bay, Moreton, Bay 
Australia       

  Fig. 2     Lyngbya majuscula  bloom and water spectra study sites in Moreton Bay, Australia       
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nitrogen fi xation (Dennison et al.  1999 ), grazing (Capper et al.  2005 ,  2006a ,  b ), 
viral lysis (Hewson et al.  2001 ), toxicity (Osborne et al.  2001 ) as well as primary 
productivity and pigment content (Albert  2001 ; Albert et al.  2005 ).

   As part of our initial studies, we investigated light intensity or “light quantity” 
effects on  Lyngbya  physiology (Watkinson et al.  2005 ); however, one aspect we did 
not focus on originally was how the “light quality” in the humic-rich waters of 
Deception Bay might enhance  L. majuscula  proliferation. The impetus for investi-
gating light quality at this location was the observation of repeated episodes of dark, 
stained water that fl owed out of the water body directly north of Deception Bay, 
Pumicestone Passage (Fig.  2 ), into the region of repeated  L. majuscula  blooms. In 
addition, the benthic community of marine plants in this region differed from the 
rest of Moreton Bay at similar water depths (Dennison and Abal  1999 ). The impor-
tance of ultraviolet light penetration into the shallow waters of Deception Bay had 
been observed as well, in particular, ultraviolet light effects on  Lyngbya  viruses 
(Hewson et al.  2001 ) and iron chemistry (Rose and Waite  2003 ,  2005 ,  2006 ; Rose 
et al.  2005 ; Salmon et al.  2006 ). 

 By integrating light quality results with previous research on nutrient interac-
tions, we have constructed a conceptual model to explain the causal factors that 
operate in the Deception Bay region of Moreton Bay to promote recurrent prolifi c 
blooms of  Lyngbya majuscula . This conceptual model is presented in a diagram-
matic form in this chapter, along with key supporting data. The conceptual diagram 
is used as a basis to answer the question “What is it about Deception Bay specifi -
cally that makes  Lyngbya majuscula  grow so well in this location?”. But in a larger 
sense, this conceptual model provides insight into the initiation of marine cyano-
bacterial blooms elsewhere in the world.  

    Nutrient Interactions 

 Deception Bay has been the “epicenter” of  Lyngbya  blooms in Moreton Bay since 
the 1990s, as the fi rst site the blooms were noticed by the fi sherman, and as the fi rst 
place the toxic skin rashes were reported (Watkinson et al.  2005 ; Albert et al.  2005 ). 
The most notable difference in Deception Bay, compared to the rest of Moreton Bay, 
is the drainage of the Pumicestone Passage, and its often “colored” or organic- rich 
water fl ows. Streams that fl ow into the  Lyngbya- affected portions of Deception Bay 
were found to have very high levels of iron leaching out from the acid sulfate soils of 
the region; with some of the streams visibly orange from precipitation of iron oxides. 
It was hypothesized that sources of both iron and organic compounds in these waters 
would act as natural chelators, binding the iron, thus keeping the iron from precipi-
tating out of the water column and becoming biologically unavailable (Rose and 
Waite  2003 ;  2006 ; Salmon et al.  2006 ). Iron leaches out of the acid sulfate soils in the 
region, especially after rain. The colored water fl ow contained large amounts of dis-
solved organic carbon (DOC) that bound iron and transported it to the bloom region 
(Albert et al.  2005 ; Rose and Waite  2003 ; Salmon et al.  2006 ). Iron is held in solution 
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bound to organic ligands and is transported from the land to the bloom site at 
Deception Bay. It had been determined that superoxide produced by the  Lyngbya  
could reduce the organic bound Fe to Fe +2  (Rose et al.  2005 ; Rose and Waite  2005 ). 
The dissolved Fe +2  could then be readily absorbed by  Lyngbya  and used for key 
physiological processes such as photosynthesis and nitrogen fi xation, giving the 
 Lyngbya  an ecological advantage over other primary producers in this location. 

 In previous studies, the highest rates of nitrogen fi xation in cyanobacteria were 
found with added iron and a chelator (EDTA) (Paerl et al.  1987 ; Gross and Martin 
 1996 ). We conducted a series of bioassay experiments from the bloom area in 
Deception Bay (Fig.  3 ), using methods described in Watkinson et al. ( 2005 ). In 
these bioassay experiments,  Lyngbya  photosynthetic rates were signifi cantly stimu-
lated with the additions of iron, a chelator (EDTA), and phosphorus. Since  Lyngbya  
can fi x atmospheric nitrogen dissolved in the water via nitrogen fi xation (Dennison 
et al.  1999 ), the availability of dissolved iron and phosphorus are key determinants 
of bloom initiation, as demonstrated in these bioassay experiments.

       Light Interactions 

 The spectral light quality of Moreton Bay waters was highly variable. Eastern Banks 
water was largely oceanic water fl ushed by the 1.5 m tides and was consistently clear. 
Brisbane River water was highly turbid with high concentrations of suspended sedi-
ments. Deception Bay water was periodically colored due to land runoff, 

  Fig. 3     Lyngbya majuscula  response to nutrient treatments in bioassay experiments. Photosynthetic 
rate assessed with  14 C uptake in control, 5 μM dissolved Fe +2 , 5 μM EDTA (an Fe chelator), 5 μM 
dissolved PO 4  −3 , and 5 μM dissolved NH 4  +  treatments. The  asterisk  represents treatments with 
statistically signifi cant differences. (Adapted from Watkinson et al.  2005 )       
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occasionally turbid following wind events. Based on samples of these water masses, 
we observed distinctive wavelength signatures: (1) clear water, (2) turbid water, and 
(3) colored water, corresponding to the spectra observed at the Eastern Banks, 
Brisbane River plume, and Deception Bay, respectively. Samples of  Lyngbya majus-
cula  were collected from the Eastern Banks of Moreton Bay and acclimated in fl ow-
through aquaria exposed to natural light under two layers of neutral density screening, 
in a rooftop experimental setup at the University of Queensland. A scanning spectro-
photometer was used to determine the light wavelength signature of water from 
Deception Bay, Eastern Banks, and the mouth of the Brisbane River. Spectral fi lters 
in combination with neutral density fi lters were selected that simulated the light 
wavelength signature of the different water masses. These fi lters allowed the same 
quantity of light (25–30 % surface light using a PAR sensor), so that the experiment 
was testing the differences in light quality rather than quantity. The  L. majuscula  
samples were incubated in the four different spectral treatments for 12 days at 
~25 °C. At the end of the incubation period,  14 C productivity and photosynthetic pig-
ment content, chlorophyll  a  and phycoerythrin, were measured on subsamples for 
each treatment. Productivity was assessed using  14 C-biocarbonate uptake (Parsons 
et al.  1984 ), using protocols described previously (Albert et al.  2005 ; Watkinson 
et al.  2005 ). Pigments were extracted from tissue ground with a mortar and pestle 
using a phosphate buffer (phycoerythrin) (Albert  2001 ) or acetone (chlorophyll  a ), 
centrifuged and pigments determined spectrophotometrically using formulas of 
Rowan ( 1989 ) for phycoerythrin and Parsons et al. ( 1984 ) for chlorophyll  a , using 
protocols described previously (Albert et al.  2005 ; Watkinson et al.  2005 ). 

 Photosynthetic rates of  Lyngbya  were signifi cantly stimulated in the “colored 
water” treatment simulating Deception Bay light spectra compared with the other 
treatments (Fig.  4 ). Clear water and turbid water treatments, simulating the Eastern 
Banks and Brisbane River, respectively, had the lowest photosynthetic rates, while 
the treatment with a 50 % mixture of simulated colored (Deception Bay) and turbid 
(Brisbane River) waters had an intermediate photosynthetic rate. The photosyn-
thetic pigment content of  Lyngbya  also responded to the light treatments (Table  1 ); 
however, the differences were not statistically signifi cant. Both phycoerythrin and 
chlorophyll  a  concentrations were elevated in the colored water treatment, com-
pared with clear, turbid, and turbid + colored water treatments.

        Conceptual Model 

 A conceptual diagram was created to synthesize the results of the nutrient and light 
interaction studies (Fig.  5 ). This diagram is based on our understanding that there is 
not a single factor that causes the stimulation of  Lyngbya majuscula  blooms, but 
rather a suite of factors that act synergistically to cause  Lyngbya  to grow better in 
certain sites, under certain circumstances. Even with the same nutrients available in 
the water column, the light spectra available in the colored water treatment that 
most closely matched the light spectra of Deception Bay had the highest rates of 
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primary productivity. Previous studies in Moreton Bay indicated that the concentra-
tion of phycoerytherin, a phycobilin accessory photosynthetic pigment found in 
many cyanobacteria including  Lyngbya majuscula , is very responsive to nutrient 
additions (Albert  2001 ; Ahern et al.  2003 ). The ability to absorb light at slightly 
different wavelengths than other phytoplankton and macroalgae that do not contain 
accessory phycobilins pigments may give these cyanobacteria a photosynthetic 
advantage over eukaryotic competitors. The results showing that phycoerythrin 
content was highest in colored water indicate that these conditions allow  L. majus-
cula  to better absorb the green wavelengths of light, enhancing the photosynthetic 
capacity of  Lyngbya . Enhanced photosynthetic capacity was indeed observed in the 
 14 C bicarbonate uptake experiment. Seagrasses, as well as green and brown algae, 
primarily utilize chlorophyll to absorb the bulk of their photosynthetic light, and 
chlorophyll effectively absorbs light in the red and blue spectra. In contrast, red 
algae and some cyanobacteria utilize phycoerythrin and phycocyanin to absorb light 
in the green portion of the spectrum, which gives them a potential competitive 
advantage in a light climate in which green light predominates. Water has an 

  Fig. 4     Lyngbya majuscula  response to light spectra treatments in bioassay experiments. 
Photosynthetic rate assessed with  14 C uptake in  Lyngbya majuscula  exposed to Eastern Banks 
(clear), Deception Bay (colored), Brisbane River (turbid), and combination of colored + turbid 
spectra       

   Table 1     Lyngbya majuscula  response to light spectra treatments in bioassay experiments   

 Sites  Phycoerythin (mg g dw  −1 )  Chlorophyll  a  (mg g dw  −1 ) 

 Clear water (Eastern Banks)  1.17 ± 0.09  1.07 ± 0.11 
 Turbid water (Brisbane River)  0.94 ± 0.09  0.95 ± 0.06 
 Colored water (Deception Bay) 
 Turbid + colored water 

 1.35 ± 0.15 
 1.12 ± 0.08 

 1.18 ± 0.10 
 0.87 ± 0.06 

  Phycoerythrin and chlorophyll  a  content with standard errors (S.E.) assessed under different simu-
lated light spectra treatments  
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intrinsic absorption in the red portion of the spectrum, and turbidity accentuates this 
absorption in the red spectrum due to the increased optical path lengths created by 
light bouncing off suspended particles. Thus, underwater plants largely rely on blue 
light penetration, the most prevalent portion of the light spectrum available. In con-
trast, humic-stained colored water absorbs blue light preferentially and photosyn-
thetic organisms which can take advantage of the green light that remains available 
after the intrinsic absorption of red light and humic absorption of blue light are, 
consequently at a competitive advantage. DOC compounds associated with the 
humic substances provide both (a) a light spectrum conducive to cyanobacteria pig-
ments and (b) iron complexation substrates that serve to provide bioavailable dis-
solved iron to  Lyngbya . These factors work synergistically to create an ideal growing 
environment for cyanobacteria like  Lyngbya .

   In the catchment adjacent to the bloom site, there had been several land use 
changes in the previous 2 years leading up to the bloom, including canal estate 
developments and agricultural expansion. One signifi cant land use change in the 
year leading up to the bloom was a large proportion of plantation pine forests that 
had been growing in the region upstream of Deception Bay on Bribie Island 
 adjacent to Pumicestone Passage for 20–30 years had been clearcut. This defores-
tation was the result of a bushfi re that had moved through the region and a change 
in forest ownership. The result was a massive deforestation, instead of the usual 
practice of smaller patchworks of forest removal over time. The clearcut planta-
tion pine forest was observed to have standing water in spite of a lack of rainfall, 
due to the sudden lack of evapotranspiration from the trees, causing the ground-
water levels to rise. The pine needles, bark and roots left behind were slightly 
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  Fig. 5    Conceptual diagram summarizing the interacting light and nutrient factors that act syner-
gistically to make Deception Bay, embayment of Moreton Bay, a “hot spot” for blooms of  Lyngbya 
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acidic and the stained groundwater and rain events served to wash this humic-
stained water into Pumicestone Passage. Overfl ights and water quality sampling 
demonstrated that the runoff of humic stained or colored water found its way 
through these lands to northern Moreton Bay, extending out to the  Lyngbya  bloom 
area (Ahern et al.  2003 ,  2006 ; Pointon et al.  2003 ; O’Neil and Dennison  2005 ; 
Abal et al.  2005 ). 

 An industry partnership with forestry scientists at the Queensland Department of 
Primary Industries was initiated in 1999 to investigate the potential connection 
between rapid clearcut of pine trees and downstream expansion of  Lyngbya.  We 
investigated the connection between soil types, runoff, and  Lyngbya  productivity 
(Albert et al.  2005 ; Ahern et al.  2006 ,  2007 ). The research focus was extended to 
include iron chemistry (Rose and Waite  2003 ,  2006 ). Although iron readily precipi-
tates in seawater, making it biologically unavailable for cyanobacteria, it was 
observed that  Lyngbya  was able to produce superoxide (Rose and Waite  2005 ). 
Superoxide can effectively chemically reduce organic iron off of organic-rich com-
pounds running into Deception Bay from the Pumicestone Passage (Rose et al. 
 2005 ). Several key fi ndings on iron chemistry and the role of superoxide production 
in scavenging iron bound to organic ligands into a reduced form that could be read-
ily taken up by  L. majuscula  from the water column were elucidated (Rose et al. 
 2005 ; Salmon et al.  2006 ). 

 One of the reasons  Lyngbya  is able to outcompete other photosynthetic 
organisms is likely its very fl exible metabolism in terms of nutrient acquisition (as 
is the case with many harmful algal blooms species), making it highly adaptable to 
fl uctuating nutrient sources and pulses in shallow benthic environments where it 
proliferates.  Lyngbya  needs access to light to support photosynthesis, and the light 
quality experiments confi rm that these cyanobacteria are adapted to the variable 
water quality, particularly the humic-stained water common in Deception Bay. 
 Lyngbya  is both a facultative nutrient “sponge” as well as a facultative light quality 
generalist.  Lyngbya  can take up both inorganic (NO   3– , NH   4+ ) forms of nitrogen as 
well as organic forms (e.g., urea) (O’Neil et al.  2012 ; O’Neil and Dennison  2005 ), 
but when external sources are limiting, can also fi x atmospheric nitrogen.  Lyngbya  
has the ability to scavenge iron bound to organic ligands by producing superoxide 
(Rose and Waite  2005 ; Rose et al.  2005 ; Salmon et al.  2006 ), and to access phospho-
rus fl uxing from the sediments (Watkinson et al  2005 ).  Lyngbya  also can grow in a 
variety of light environments and even thrives in colored water conditions.  

    Broader Signifi cance 

 Various adaptive strategies allow  Lyngbya  to be very successful in dynamic, shal-
low coastal environments. Following the blooms in Moreton Bay, we identifi ed 
several bloom locations along the Queensland, Australia coast (e.g., Fraser Island, 
Hervey Bay, Shoalwater Bay, and Hardy Reef). Similar to Moreton Bay,  Lyngbya  
blooms throughout Queensland had signifi cant ecological impacts (e.g., Shoalwater 
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Bay; Arthur et al.  2006 ). Within a few years, blooms were reported from around 
Australia, including sites in Western Australia and the Northern Territory. In the 
United States, blooms of  Lyngbya  were observed in Florida. A large study funded 
by NOAA ECOHAB investigated  Lyngbya  blooms from both the Gulf of Mexico 
and Atlantic coasts of Florida. Nutrient sources, including bioavailable iron, were 
identifi ed, as well as humic-stained water draining mangrove areas near Sanibel 
Island, Florida. The ecophysiology, toxicology, and nutrient interactions were 
described for the Florida  Lyngbya  blooms (Paerl et al.  2008 ; Arthur et al.  2009 ; 
Capper et al.  2013 ). These subsequent observations and studies used the Moreton 
Bay results as a reference point. 

 In addition to the expanding global research on  Lyngbya , the initial  Lyngbya  
research stimulated a series of ongoing research efforts in Moreton Bay. Much effort 
went into trying to forecast and predict blooms using various modeling approaches, 
including Bayesian and neural network decision-making techniques (e.g., Hamilton 
et al.  2007 ; Johnson et al.  2010 ).  Lyngbya  bloom mitigation research included fi sh 
(e.g., Capper et al.  2006a ) and other grazer interactions (e.g., Pittman and Pittman 
 2005 ; Capper et al.  2005 ,  2006b ; Arthur et al.  2007 ,  2008 ). Management agencies 
including the Healthy Waterways program in Southeast Queensland continue to track 
 Lyngbya  blooms as part of the Ecosystem Health Monitoring Program (e.g., Roelfsema 
et al.  2006 ; Ahern et al.  2007 ). The Queensland Department of Environment and 
Heritage Protection continues to investigate  Lyngbya  and a  Lyngbya  management 
strategy was developed. The genus  Lyngbya  is currently undergoing a taxonomic 
reclassifi cation including new genera designations in different locations including 
 Moorea  in the South Pacifi c (Engene et al.  2012 ) and  Okeania  in Florida (Engene 
et al.  2013 ). Preliminary reclassifi cation of Moreton Bay species to  Limnoraphis 
robusta  has been proposed recently as well (Willis et al.  2015 ). Further reclassifi ca-
tions are likely as new molecular techniques are brought to bear on these closely 
related cyanobacteria species, since there are few morphological features that can be 
readily distinguished microscopically (Engene et al.  2011 ; O’Neil et al.  2012 ). 

 Cyanobacteria have been implicated as benefi ciaries of eutrophication and cli-
mate change (O’Neil et al.  2012 ). Developing an understanding of the causal factors 
of cyanobacteria blooms will become increasingly important. The interactions 
between various forms of nutrients and light availability (both light quantity and 
quality) will need to be elucidated to understand the triggers for large scale blooms 
and the potential toxicity of these blooms. The multidisciplinary approach that we 
took to discern the causes of Moreton Bay  Lyngbya  blooms will likely be the 
approach for future investigations of cyanobacteria blooms.     
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    Judith M. O’Neil and William C. Dennison 

 We met in Doug Capone’s laboratory at Stony Brook University when Bill was the 
“Coastal Marine Scholar” postdoc and Judy was working on her master’s degree. We 
collaborated on a seagrass/nutrient interaction project that took us to San Salvador, 
Bahamas, and the sea, sun, and stars worked their magic and we were married in 
1989. Following our stint in New York, we moved to Maryland where Bill started a 
research faculty position focused on seagrasses and Judy began her Ph.D. on marine 
cyanobacteria, both at the University of Maryland Center for Environmental Science. 
We had an opportunity to move to Australia, with positions at the University of 
Queensland, where we conducted research in Moreton Bay, adjacent to Brisbane, and 
at Heron Island, Great Barrier Reef. It was during our studies of Moreton Bay that we 
encountered the cyanobacteria blooms of Lyngbya, growing on seagrass—a project 
that would occupy both of our efforts for many years. After a 10-year stint in Australia 
which included producing two daughters, we moved back to the University of 
Maryland Center for Environmental Science, where Bill is Vice President for Science 
Application and Judy is an Associate Research Professor. We continue to collaborate 
on research and education programs.   
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      Copepod, Ctenophore, and Schyphomedusae 
Control in Structuring the Chesapeake Bay 
Summer Mesohaline Planktonic Food Web                     

     Kevin     G.     Sellner      and     Stella     G.     Sellner   

          Introduction 

 As a global phenomenon, eutrophication of many estuaries is well documented 
(Bricker et al.  2008 ; Howarth et al.  2011 ), with resultant elevated phytoplankton 
production, increases in potentially toxic harmful taxa, hypoxia and anoxia in bot-
tom waters, loss of submersed vegetation, and increases in the importance of cteno-
phores and schyphomedusa as top consumers. These alterations are often exacerbated 
by low wild stocks of shellfi sh, crabs, and fi sh (e.g., Purcell  2012 ) due to over- 
harvest or disease. Food webs in these transformed ecosystems shift from more 
linear energy transfer (phytoplankton to copepods to fi sh) to highly complex and 
less effi cient microbial-dominated energy processing (phytoplankton to bacteria 
and microzooplankton [heterotrophic fl agellates, ciliates, rotifers] to copepods to 
jellies). Through high-DOM production, the latter can further enhance bacterial res-
piration as well as select for a different bacterial fl ora (Condon et al.  2011 ), further 
reducing carbon transfer to commercially important stocks. 

 Unique characteristics of the eutrophic Chesapeake Bay indicate even more 
extremes in the plankton food web. First, elevated winter-spring river discharge and 
nutrient loads yield high diatom bloom biomass that remains largely ungrazed due 
to seasonal shifts in copepods from winter  Eurytemora carolleeae  to summer 
 Acartia tonsa  (Verity  1987 ); the spring bloom occurs between these two copepod 
maxima. The diatoms sink to the bottom and support summer hypoxia and anoxia 
in the mesohaline reach of the estuary. Additionally, the high spring river discharge 
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stratifi es the bay supporting summer development of small phytoplankton cells (i.e., 
picoplankton, <10 μm diatoms) as well as migratory taxa (dinofl agellates, cyano-
bacteria) that can ascend for light during the day and descend at night for nutrients 
at or below the pycnocline (Seliger et al.  1975 ; Malone et al.  1991 ). Finally, low 
subpycnocline dissolved oxygen (DO) and high temperatures in surface waters 
restrict vertical distributions of many shellfi sh and macrobenthos (e.g., Sturdivant 
et al.  2014 ) and fi sh (Niklitschek and Secor  2005 ; Brandt et al.  2009 ), but allow 
small individuals of the low DO resistant ctenophore  Mnemiopsis leidyi  and the jel-
lyfi sh  Chrysaora quinquecirrha  to effectively capture prey and grow (Kolesar et al. 
 2010 ; Purcell  2012 ). 

 The role of predation, specifi cally grazer abundances that must be present to 
exert top-down control in the summer, mesohaline Chesapeake Bay, is the primary 
focus of this manuscript. Questions to be addressed include: (1) Is there a minimum 
number of adult copepods that appear to control densities of rotifers and ciliates, 
their preferred microzooplankton prey (Stoecker and Egloff  1987 ; Gifford and 
Dagg  1988 ; White and Roman  1992 ; Löder et al.  2011 ; Dhanker et al.  2012 ; York 
et al.  2013 )? (2) Similarly, as ctenophores are effi cient grazers of copepods in the 
bay and elsewhere (e.g., Breitburg et al.  1997 ; Purcell and Decker  2005 ; Condon 
and Steinberg  2008 ; Kimmel et al.  2012 ,  2015 ; McNamara et al.  2013 ; Sullivan 
 2014 ), can a ctenophore density be identifi ed that appears to limit numbers of 
 Acartia  present? And (3) do large schyphomedusae (Purcell and Decker  2005 ; 
Condon and Steinberg  2008 ) have a threshold abundance that limits numbers of the 
ctenophores in the region? The threshold densities (predation control) of each of 
these three predators on their respective primary prey should be possible to quantify 
as summer phytoplankton biomass and productivity are high and very likely non-
limiting, removing bottom up control of the consumers; average summer biomass 
and gross primary productivity are 14.5 μg chl L −1  and 2.76 gC m −2  day −1 , respec-
tively, for this bay reach (Harding et al. 2015).  

    Methods 

 Water quality, phytoplankton, and zooplankton monitoring was conducted in the 
Maryland, USA portion of the Chesapeake Bay and its tributaries from 1984 to 
2002. Summer mesohaline data (July–September) from 1987 to 2002 were exam-
ined in three central bay stations (CB3.3C, 4.3C, 5.2) and the mouth of the Potomac 
River estuary (LE2.2, Fig.  1 ) through the Chesapeake Bay Program’s Chesapeake 
Information Management Systems (CIMS, http://www.chesapeakebay.net/data/
downloads/baywide_cbp_plankton_database); archived primary productivity at the 
Morgan State University Patuxent Environmental and Aquatic Research Laboratory 
were also accessed. Analyses focused on abundances and biomass of key plankton 
groups and volumes for mixed ctenophores (the Chesapeake Bay taxa are primarily 
 Mnemiopsis leidyi  but possibly rarer  Beroë  sp.) and jellyfi sh (primarily  Chrysaora 
quinquecirrha  and rarer  Aurelia  sp. and  Cyanea  sp.; note that 0.5 m, 202 μm Bongo 
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nets were employed for copepods and gelatinous zooplankton, likely inappropriate 
for the latter). Bi-weekly phytoplankton and monthly zooplankton data were com-
piled and in most cases, regression analyses were conducted to identify possible 
linkages between plankton groups as well as visual inspection of summer data dis-
tributions to identify feeding thresholds for a plankton group on its prey. Mean sum-
mer data for each year were computed from the data sets for depiction in Fig.  2 .

        Results and Discussion 

    General Patterns in the Summer Mesohaline Chesapeake Bay 

 Summer mesohaline plankton distributions are highly variable in Chesapeake Bay, 
from phytoplankton (as chlorophyll  a  and phytoplankton C) through the consumers 
(rotifers,  Acartia , ctenophores, and medusae). Year-to-year variability is apparent 

  Fig. 1    Sampling stations in mesohaline Chesapeake Bay and the mouth of the Potomac River 
estuary       

 

Copepod, Ctenophore, and Schyphomedusae Control in Structuring…



276

within individual stations (Fig.  2 ) as well as across the mesohaline area of the bay 
and its nearby mesohaline station at the mouth of the Potomac River (Table  1 ).

       Top-Down Controls and Thresholds 

 The zooplankton of the Chesapeake Bay and its tributaries have been characterized 
for more than a century (Cowles  1930 ) with a diverse community of microzoo-
plankton (ciliates, rotifers, nauplii), mesozooplankton (copepods, meroplanktonic 
larvae), and macrozooplankton as jellies (ctenophores and schyphomedusae). The 
summer dominant copepod,  Acartia tonsa , has been long believed as the primary 
herbivore in the region but work in the past 2–3 decades suggests it can prefer 
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  Fig. 2    Mean summer (July, August, September) plankton abundances in the mid-mesohaline 
Chesapeake Bay station for the period 1987–2002. The  top panel  ( a ) shows surface chl  a  (μg 
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 vertical bars  allow comparisons within the same time periods for the two data sets       
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animal prey, such as rotifers and ciliates (Stoecker and Egloff  1987 ; Gifford and 
Dagg  1988 ; Dolan  1991 ; White and Roman  1992 ). The strong copepod control of 
rotifers by summer  A. tonsa  abundances is seen in Fig.  3a : Adult  A. tonsa  abun-
dances exceeding 5–8 L −1  maintain rotifers at low levels. A similar pattern was 
noted for ciliates for the period 1998–2001 (data not shown). Summer copepod 
control of rotifers, however, can be modifi ed by unusual events, such as elevated 
spring-early summer fl ows in the northern bay where high rotifer abundances of the 
upper Bay’s lower salinity areas were transported into the mid-region of the meso-
haline reach (1993, 1994, 2000), temporarily decoupling  A. tonsa  predation on the 
advected populations.

   Ctenophore abundance appears to govern densities of summer  Acartia  popula-
tions (Fig.  3b ). At volumes exceeding 10–20 mL m −3 ,  A. tonsa  populations were 
maintained at low levels, similar to  M. leidyi  densities thought to limit the copepod 
in the York River (Fig. 4b in Condon and Steinberg  2008 ). The removal of  Acartia  
would presumably free its largely microzooplankton prey from top-down control 
and instead, limits on ciliates and rotifers would be governed by bottom up drivers 
such as food availability, local physics, or other parameters (see below). 

 The largest member of the zooplankton community, jellyfi sh, also exerted sub-
stantial control on its primary prey, ctenophores (Fig.  3c ), previously noted by many 
researchers in the Chesapeake and elsewhere (see references in Breitburg and 
Burrell  2014 ). At jellyfi sh densities >0.05 m −3 , ctenophores were only minimal con-
tributors to the summer plankton food web. Breitburg and Burrell ( 2014 ) suggest 
that  Chrysaora  abundances of 0.18 ind m −3  are coincident with minimal or no 
 Mnemiopsis  in the Patuxent River estuary and Mackall Cove (a small embayment 
off the river) in 2004.  
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  Fig. 3    Summer top-down control thresholds for ( a )  Acartia  on rotifers, ( b ) ctenophores on 
 Acartia , and ( c ) jellyfi sh on ctenophores for the four mesohaline stations for the period 
1987–2002       
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    Bottom Up Controls in Summer Mesohaline Stations 

 The results above indicate that in the absence of top-down control due to low preda-
tor densities, accumulations of these prey might be controlled instead by bottom up 
reservoirs (nutrient concentrations or ratios, food levels, DO). To examine possible 
linkages of rotifers when  A. tonsa  predation was minimal (<5–8 copepods L −1 ), 
summer mesohaline rotifer abundances under low  A. tonsa  densities (<5 L −1 ) for 
the four stations were compared to a spectrum of possible food sources for the 
1987–2002 period: surface chlorophyll  a  (chl a) concentrations, biomass in crypto-
phytes, diatoms, and dinofl agellates, and primary productivity (as an indicator of 
new cell production). Temperature was also examined as a possible limit for roti-
fers. In no case was there any relationship between these indices of food availabil-
ity and rotifer numbers ( r  2  = <0.001–0.18,  p  = 0.13–0.98) and on only two occasions 
did temperature partially explain rotifer abundances, 25 % ( p  = 0.035) and 30 % 
( p  = 0.004), respectively. Hence, it appears that food in the planktonic autotrophs 
was always suffi ciently abundant (nonlimiting) to support this summer mesohaline 
metazoan group. 

 Another note of interest is the signifi cantly lower  A. tonsa  abundances in the 
lower Potomac River estuary (6,050 m -3 ) than in the open bay (10,277–11,519 m −3 , 
Table  1 ), not explained by any differences in predatory ctenophores between the two 
regions ( p  = 0.77). The lower  A. tonsa  densities, however, did overlap with highest 
dinofl agellate biomass levels (Table  1 ). Might there be food quality or toxic proper-
ties of the elevated dinofl agellates that could depress fecundity in the copepod? 
Several investigators have identifi ed low  A. tonsa  fecundity and egg hatching suc-
cess to missing fatty acids within dinofl agellates (Jónasdóttir  1994 ; Kleppel et al. 
 1998 ) while others have suggested feeding deterrents in some dinofl agellates 
observed in the Chesapeake Bay and its tributaries ( Karlodinium venefi cum ) may 
limit ingestion (Waggett et al.  2008 ), potentially reducing egg production. Dam and 
Colin ( 2005 ) reported lower  A. tonsa  egg production when fed another dinofl agel-
late common to the mesohaline Chesapeake Bay and lower Potomac River estuary, 
 Prorocentrum minimum . However, with only one station showing low  A. tonsa  
abundances and high summer dinofl agellate biomass, a more comprehensive exami-
nation of dinofl agellate species and copepod egg production and hatching success 
from  fi eld exposures  is needed to further assess this possible linkage.   

    Implications 

 Identifi cation of the important role of jellyfi sh and ctenophores in the planktonic 
food web of the Chesapeake Bay was not surprising considering previous work by 
several research groups (see references by Purcell, Breitburg, and Condon), but set-
ting thresholds for the abundances of these predators that would limit prey is a 
unique aspect of a large data set covering the period 1987–2002. The large data set 
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provided suffi cient breadth to identify the strong top-down control of rotifers (and 
ciliates) by  A. tonsa  in the fi eld, strongly suggested by laboratory (Richman et al. 
 1977 ; Stoecker and Egloff  1987 ) and egg production (White and Roman  1992 ) stud-
ies of previous years. However, most disappointing was an inability to identify any 
bottom up control of rotifer populations from the mesohaline bay when copepod 
predation was minimal, implying ample food availability. Is summer phytoplank-
ton, then, never limiting to these small metazoans? This might be feasible if the 
micrograzers are ingesting phytoplankton, bacteria, and non-chlorophyll bearing 
cells such as heterotrophic nanofl agellates, several not measured in the monitoring 
program collections and hence not in the database. Alternatively, as noted for 
 Brachionus calycifl orus  (Golz et al.  2015 ), ingestion may be independent of total 
available  C ,  N , and  P  but instead dependent on maintenance of a constant intracel-
lular  N / P  ratio across all available food qualities. The absence of any detectable 
bottom up control of this simple metazoan in the fi eld remains a paradigm. 

 In a similar manner to the identifi ed copepod abundance (>5–8 L −1 ) that would 
regulate rotifer densities, the ctenophore and jellyfi sh volumes and numbers that 
control copepods and ctenophores, respectively, provide general levels (thresholds) 
for these predators that could shift planktonic food web structure and resulting tro-
phic cascades. For example, schyphomedusae at densities >0.05–0.18 m −3  (density 
noted herein and Breitburg and Burrell  2014 ) appear to reduce  Mnemiopsis  abun-
dances thereby freeing copepods from ctenophore predation with subsequent 
increases in copepods, optimal prey for piscivore larvae and forage fi sh. Copepod 
prey (ciliates, rotifers) would decline, leading to increases in heterotrophic fl agel-
lates and reduced bacteria. Alternatively, for ctenophores at volumes exceeding 
10–20 mL m −3 , summer copepod abundances should be reduced, allowing accumu-
lations of rotifers and ciliates, lower numbers of small autotrophic and heterotrophic 
fl agellates, and elevated bacteria densities. Unfortunately the routine monitoring 
program (1984–2002) did not include all of these plankton groups preventing any 
ability to detect changes across the food web attributable to these predatory meso- 
and macrozooplankton. Further, with the regional focus on reducing nutrient loads 
to the bay and its tributaries moving to fi scal commitments to implementation of 
best management practices on the land rather than detecting food web responses, 
routine zooplankton monitoring was terminated after 2002, eliminating estimation 
of top-down impacts at the base of the food web. Documenting energy fl ow to or 
away from valued fi shery resources is equally important to the on-going water qual-
ity improvements and hence, multiple trophic level monitoring should again become 
a priority for the region.     
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 The Sellner’s met in the early 1980s after Kevin hired Stella to expand microzoo-
plankton taxonomy for the ongoing plankton monitoring program he had been 
invited to implement for Maryland’s portion of Chesapeake Bay in 1984. Following 
receipt of his M.S. from the Baruch Institute of the University of South Carolina and 
his Ph.D. from Dalhousie, Kevin had joined the Academy of Natural Sciences in 
Philadelphia in 1978 and subsequently transferred to its Benedict Estuarine Research 
Laboratory on the Patuxent River, Chesapeake Bay, in 1981. Stella joined the plank-
ton group from the USDA’s Carbohydrate Analysis Laboratory and the two began a 
three decade collaboration, including marriage in 1995, on phytoplankton-zoo-
plankton interactions for the Chesapeake Bay and Gulf of Finland, focusing on 
describing the seasonal succession of taxa in tidal fresh to polyhaline reaches of the 
former as well as phytoplankton-zooplankton relationships in algal blooms of the 
two systems. Kevin shifted from the lab to administering the initial US multi-agency 
Federal program ECOHAB (Ecology and Oceanography of Harmful Algal Blooms) 
for several years, overseeing peer and panel review for approximately $50 M of 
projects on Alexandrium, Karenia, Pfi esteria, Karlodinium, and Pseudo-nitzschia. 
Stella remained at the laboratory while it transitioned to the Morgan State University 
PEARL (Patuxent Environmental and Aquatic Research Laboratory) where she 
became the Education Coordinator and directed the NOAA-funded PLANS 
(PLankton And Nutrient Studies) science program in Calvert County, Maryland 
high schools. Kevin returned to the Chesapeake to direct the 6-institution Chesapeake 
Research Consortium in 2001, committed to fostering multi-institution, multi-disci-
pline research and transferring basic research results to the management community 
of the basin; he was also able to pursue research on mitigating cyanobacteria blooms 
in the region which he continues today. Kevin and Stella recently retired to pursue 
other “fun” science opportunities as they enjoy Frederick, MD, USA culture, nature, 
and history.   
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      Microbiogeochemical Ecophysiology 
of Freshwater Hydrothermal Vents in Mary 
Bay Canyon, Yellowstone Lake, Yellowstone 
National Park WY                     

     Carmen     Aguilar      and     Russell     Cuhel    

          Introduction 

 Geothermal activity has been a subject of practical use as well as awe since the 
beginning of human cognizance, no doubt. Hydrothermal systems such as hot 
springs have been respected practically, as a source of social and medical benefi t in 
thermal baths worldwide. Academically, the latter twentieth century included dis-
covery of TAQ polymerase, a cornerstone of modern molecular biology.  Thermus 
aquaticus  was isolated from Yellowstone hot springs (Brock and Freeze  1969 ); an 
excellent history and signifi cance description was provided by Brock ( 1997 ). 

 Underwater hydrothermal activity is a more recent subject—in marine studies 
the real signifi cance of hydrothermal venting did not come into focus until discov-
ery of the Eastern Pacifi c Ocean hydrothermal ecosystems by geologists John 
Corliss and Robert Ballard in 1977 (Corliss et al.  1979 ). Within a few years of study 
their existence solved one of the great marine geochemistry enigmas: the Magnesium 
Problem (Drever  1974 ; summary of resolution in Rona et al.  1983 ). Everyone now 
knows about the fantastic chemosynthesis-based communities of the deep sea. 
Competing with the famous brine pool origin of organic life hypothesis (Miller 
 1953 ), deep-sea hydrothermal vents have offered an alternative geochemical milieu 
for origins of life (Martin et al.  2008 ). 

 Freshwater hydrothermal vents and gas-emitting fumaroles have been slower to 
gain notoriety. In contrast to marine counterparts, freshwater habitats have not been 
stable long enough for evolution to create endemic populations of animals thriving 
on chemical energy. Geochemical consequences of freshwater hydrothermal sys-
tems also do not have the impact of global marine water-basalt interactions. 
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 Microorganisms that live in high temperature and chemically inhospitable eco-
systems are tightly coupled to their environment. A detailed understanding of the 
geochemistry of hydrothermal environments can be an important aspect in deci-
phering critical components for microbial life under these dire circumstances. Some 
of the organisms are chemolithoautotrophs, using CO 2  as a carbon source and inor-
ganic energy sources. Reduced sulfur compounds, Fe(II) and Mn(II), hydrogen, 
methane, and ammonia are among the available electron donors, while nitrate, oxy-
gen, iron/manganese oxides, and sulfate are common electron acceptors. Favorable 
conditions for microbial growth in hydrothermal systems depend on the confl uence 
of these electron donors and acceptors, within a temperature range that is tolerable 
to microorganisms in this extreme environment. The Yellowstone Plateau Volcanic 
Field exhibits vigorous hydrothermal activity as well as an array of surface thermal 
springs with diverse biological and chemical characteristics (reviewed by Hurwitz 
and Lowenstern  2014 ). Several different microbial assemblages can develop in 
thermal effl uents, each mediating a distinct suite of redox reactions. Our work is 
designed to elucidate some of these concepts in freshwater hydrothermal vent envi-
ronments. The venue is additionally a stellar opportunity to recruit excellent stu-
dents into biogeochemistry career paths because of the inherently interdisciplinary 
nature of hydrothermal vent research. 

 In this chapter, we describe an interdisciplinary and intergenerational team effort 
to elucidate microbiogeochemical ecophysiological processes occurring in deep, 
hot hydrothermal vents in Yellowstone Lake, Yellowstone National Park, 
WY. Specifi cally, we construct a geophysical, hydrographic, geochemical, and 
microbiological profi le from the surface to the bottom of a sublacustrine caldera 
canyon, into the effl uvia of vents, and below them into geothermally infl uenced 
sediments. Surveys of lakewater, ventwater, and sediment pore water gradients 
established zones of direct and subsurface inputs of geochemically altered fl uids. 
Ventwater intrusion into the surrounding sediments was evident in Mary Bay pore 
water profi les. In hot sediments, chloride approached reservoir concentrations 
(15 mM) and the silicate concentration at depth was greater than diagenesis- 
generated inventories. Principal investigators (PIs), US Park Service personnel, 
technicians, graduate and undergraduate students, and contractors worked together 
since 1984 (c.f., Klump et al.  1995 ) to employ technology, harvest physical and 
numerical products, and create a model for understanding aspects of the Yellowstone 
Geothermal Ecosystem under the surface of the lake.  

    Methods 

 Many of the practical aspects of research infrastructure and specifi c methodology 
have been detailed in a symposium volume on Yellowstone (Aguilar et al.  2002 ; 
Anderson and Harmon  2002 : George Wright volume) and in several peer-reviewed 
journal articles  describing epiphytic bacterial communities (Konkol et al.  2010 ); 
vent chemistry, chemosynthesis, and bacterial communities (Yang et al.  2011 ). 

C. Aguilar and R. Cuhel



287

 Water column samples were collected with 5-L Niskin bottles after hydrographic 
characterization with a Hydrolab Water Quality sonde. Hydrothermal vent samples 
were collected with 2 L polycarbonate syringes mounted on a Mark IV Minirover 
submersible (Buchholz et al.  1995 ) piloted by David Lovalvo (Eastern Oceanics 
Inc.) using a sipper tube on the articulated arm and a  T -valve “suck and spit” system 
to rinse tubing and syringe with sample prior to bulk collection. This sediment core 
was taken with a hand-deployed torpedo corer from a Boston Whaler with hand 
winch on the second attempt—the fi rst liner melted and could not be stoppered, los-
ing the core. Core pore water was extracted that afternoon with a Jahnke ( 1988 ) 
“squeezer” using acid washed, inert-gas equilibrated Porex porous rod and rubber- 
free syringes: a 0.2 μm pore size ion chromatography syringe fi lter was inserted 
between port fi ttings and syringes. Pore water and water column samples were 
assayed as soon as possible. 

 Many of the components of interest are labile to rapid chemical and biological 
change and real-time information on vent and pore water chemical composition is 
valuable for next-day sampling decisions. It was imperative therefore that numer-
ous aspects of analytical chemistry were conducted on site. Those analytes that 
could be stabilized for later measurement were returned to the Milwaukee labora-
tory. On site, the PIs in conjunction with graduate and NSF Research Experience for 
Undergraduates (REU) students ran as immediately as possible ΣCO 2  by Tefl on 
diffusion (Hall and Aller  1992 ); sulfur species by HPLC on DTNP-derivatized sam-
ples (Vairavamurthy and Mopper  1990 ); most nutrients including NO 3  −  + NO 2  −  and 
SiO 2  by FIA (APHA  1996 ); ammonium by phenol-hypochlorite spectrophotometry 
(APHA  1996 ); and chloride–sulfate by ion chromatography (APHA  1996 ). 

 Chemo- and photosynthesis were measured as acid-stable  14 CO 2  fi xation in dark 
and light incubations, respectively, using water-cooled aluminum “photosynthet-
ron” blocks with circulator baths underneath or aluminum dry blocks for elevated 
temperature measurements (Yang et al.  2011 ). For both lakewater and ventwater 
samples, subsamples were spiked with  14 CO 2  to ca. 1 μCi/mL and incubated at 
10–14 °C or sealed at 50 °C depending on in situ conditions. Measurements were 
terminated by addition of H 2 SO 4 . Chemosynthesis measurements by this technique 
are aerobic, as is the bottom receiving water in Yellowstone Lake, and hence repre-
sent in-lake rather than in-vent activity potential. 

    Big Picture Outcomes 

 After about 10 years of ad hoc investigations, a hypothetical scenario arose, involv-
ing geothermal gas-fl uid transport through under-lake conduits and associated bio-
geochemical processes in receiving waters. In the fi rst NSF Environmental 
Geochemistry and Biogeochemistry-sponsored expedition of 1998 concerted efforts 
were made to test this hypothesis, and based on exciting outcomes were further 
refi ned in 1999 and subsequent years. Here, we recount a series of sampling activi-
ties and analytical outcomes leading to a complete vertical profi le from the surface 
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to vent orifi ces and further into the surrounding sediments. It is a vignette from a 
synoptic study involving beach, SCUBA, ROV, and small boat sampling; ground-
water and tributary infl ow analysis; comparisons inside and outside of caldera 
boundaries; and every source or sink of water we could sample. 

 The fi rst evidence of impending excitement for lake vents was the appearance of 
“yellow bubbles” on the surface of the lake. Primitive as it was, the trace from the 
sonar depth sounder (Fig.  1c ) showed a series of peaks and troughs punctuated with 
tiny vertical signals far too small to be fi sh, and also oddly arranged for such a 
source. In reality, they were towers of tiny bubbles emanating from canyon-bottom 
vents containing entrained gases. Among these was hydrogen sulfi de, which gave 
the region its characteristic “smell of success” (Aguilar, personal remark) (Aguilar 
et al.  2002 ). On transit to the distant surface (50+ m) through aerobic water, the H 2 S 
abiotically oxidized to elemental sulfur, an oily yellow substance that formed 
ephemeral rings on the surface as the bubbles popped.

   The next bit of impetus for in-depth study of the canyon came from lowering a 
Hydrolab hydrographic sonde from the surface to the bottom. Mary Bay has a basin 
depth in the vicinity of 15–20 m punctuated with deep 40–50 m canyons in the 
benthiscape (Fig.  1c ). An eye-catching component is therefore the basic tempera-
ture profi le, which shows a standard decrease from the surface with a sharp thermo-
cline at 5–11 m but then remaining above 8 °C all the way to the bottom (Fig.  1b ). 
Typically lakewater at this depth would be 4 °C. This warm basin also demonstrated 
a weak but decreasing slope of dissolved oxygen with depth where oxygen in oligo-
trophic lakes generally increases into colder bottom waters. Finally, oxidation–
reduction potential (ORP) decreased slightly within canyon (15 m to bottom) but 
also showed a steep drop very close to the bottom. It is intriguing that all three 
parameters show sharp infl ections in the 2–3 points (30 cm span) just above the bot-
tom (temperature up; oxygen and ORP down)—but only the temperature could not 
be the result of trace resuspension of bottom sediments. Collectively, these are con-
sistent with a warm bottom containing a mild but persistent dose of readily oxidiz-
able material. 

 Yellowstone Lake water and its main outfl ow at Fishing Bridge are strongly 
enriched in geochemicals relative to the Yellowstone River infl ow in Southeast 
Arm. Chloride, sulfate, silicate, and total CO 2  (5, 33, 180, and 370 μM, respectively, 
in inlet samples) are all components or products of hydrothermal fl uids and expected 
to be enhanced near vent emanations. Still, chemical analyses demonstrated few 
distinctly different water characteristics within the canyon below the sill near 15 m 
(Fig.  2a ; sill zone is stippled). Total CO 2  was the only parameter that became ele-
vated above surface values specifi cally at or below the sill depth (Fig.  2a ). Most 
were consistent within the basin itself. Total CO 2  may have in fact increased slightly 
near the very bottom. This in itself is a peculiarity, because nutrients produced by 
diagenesis of sedimenting organic matter, including phosphate (SRP), silicate, and 
ammonium or nitrate do not increase near the bottom in this confi ned zone. 
Geothermal indicator H 2 S was no different in deep samples, and was actually 
enriched only at the surface, where the source was likely atmospheric from the 
abundant fumarole gas infl uence (the “smell of success”) in the embayment. 
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  Fig. 1    Yellowstone Lake map with caldera boundary (panel  a ) showing Mary Bay in the northern 
basin. Depth profi les of temperature, dissolved oxygen, and oxidation–reduction potential (panel  b ) 
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  Fig. 2    Aspects of hydrography, chemistry, and microbial chemosynthesis in the water column 
( a  panels), canyon-bottom hydrothermal vents ( b   bar graphs ), and pore water of a hot core ( c  
panels) from the ~50 m Mary Bay Canyon. In each case, upper scale is for  closed symbols  and 
lower scale is for  open symbols . Panel  a : Chemical characteristics of the Mary Bay water column 
(all in μM except ΣCO 2  in mM). Panel  a ′: Chemosynthetic activity in control ( circles ) and 5 mM 
S 2 O 3  = -amended ( squares ) samples during 1998 (limited profi ling;  open symbols ) and 1999 ( closed 
symbols ). Error bars are for 3–7 replicates as described in the text. Panels  b : chemistry of 1998 and 
1999 ROV samples from orifi ces of canyon-bottom hot vents for NH 4  +  and ΣCO 2  (panel  b ; ΣCO 2  
in mM) or H 2 S, SiO 2 , Cl − , and SO 4  =  (panel  b ′). Vents “A” ( darker bars ) were in the orifi ce at the 
sediment-water interface, while vents “B” ( gray bars ) were 0.5 m above the associated “A” sample. 
Sample 99-11A ( white bar ) was collected in an extinct vent fi eld as a sampling control. Panels  c : 
Chemistry of pore water from a hot core (estimated ~160 °C; fi rst attempt melted the bottom end 
of the Plexiglas liner) collected in the Mary Bay Canyon near the vent fi eld. Squeezer samples (see 
“Methods” section) were collected the same afternoon. Non-redox-sensitive geochemicals (panel 
 c ) or sulfur compounds and ammonium (panel  c ′) are shown on several scales as described       
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Intermediate reduced sulfur compounds sulfi te and thiosulfate were below detection 
(<0.1 μM; data not shown). These results indicate that either (effl ux plus diagenesis) 
and biological uptake are in balance, or there is little fl ux from either source.

   For chemosynthesis, the hypothesis is that reduced substrates (e.g., reduced sul-
fur, hydrogen, ammonium, iron, and methane) and the bacteria that use them for 
chemosynthetic energy are trapped and hence concentrated in these steep deep can-
yons. Dark incubations for CO 2  uptake yielded very low levels of autotrophy at any 
point in the canyon except for a systematic increase of two- to three-fold in the very 
bottom samples (Fig.  2a ′). Incubations enriched with 5 mM thiosulfate (S 2 O 3  = ) were 
consistently elevated in all canyon samples below the ca. 15 m sill (Fig.  2a ′), reveal-
ing strong chemosynthesis  potential  in the bottom of the canyon. The replicate error 
was much higher in the very bottom sample, likely due to chemosynthetic bacteria 
attached to suspended sediment particles. 

 Hydrothermal vents at the bottom of Mary Bay Canyon were indeed a source of 
certain geochemical enrichment based on two ROV sipper samples from 1998 (55, 
66 °C) and three from 1999 (thermistors failed). H 2 S (19–739 μM) and related 
reduced sulfur compounds SO 3  =  and S 2 O 3  =  (not shown) were present in vent orifi ce 
samples (darkest bars; level of the sediment-water interface) and total CO 2  was 
enriched up to 12 times (1.04–10.654 mM) over bottom water values (0.8 mM; 
white bars in Figure). Vent orifi ces were among rare positive samples for ammo-
nium (3.6–39.5 μM), which was not seen in near-vent or bottom samples. Also 
enriched were SRP (2–10×), silicate (2×), and a few percent systematic enhance-
ment in sulfate. Conservative tracer chloride, however, was not enriched in any of 
these vent samples, and nitrate was rarely detected anywhere. Mixing with bottom 
water was documented with a second sipper taped 0.5 m above the orifi ce tip on the 
ROV arm (“ V  + 0.5 m”; light gray bars). In hot vent collections, we were indeed 
surprised to fi nd that the  V  + 0.5 m samples were barely distinguishable from the 
chemical composition of bottom water, indicating rapid advective mixing, rapid 
transformation of labile species, and slow fl ow rates (though the shimmering heated 
water was readily visible in the ROV camera view). 

 Chemosynthesis was active in the sampled vents at 10–14 °C water tempera-
tures, with an expectedly high degree of variability among them (Fig.  3 ). In 1998, 
cooler vent bacteria in 98-26A (55 °C, 18.7 μM H 2 S) fi xed CO 2  at 1.21 ± 0.09 μgC/
L/h ( n  = 7) with reduction by 5 mM thiosulfate. Chemical reaction of added S 2 O 3  =  
with an unrelated electron donor (e.g., Fe(II)) could result in lower chemosynthetic 
CO 2  fi xation without actually causing inhibition per se. Microbes in the warmer 
vent 98-27A (66 °C, 63 μM H 2 S) fi xed CO 2  at 0.68 ± 0.03 μgC/L/h ( n  = 7). Sample 
98-27B, 0.5 m above the vent, was identical to its orifi ce partner in chemosynthetic 
behavior even though the chemistry was more like bottom water (Fig.  2b ). 
Ammonium never stimulated chemosynthesis, and the ribosomal protein synthesis 
inhibitor chloramphenicol (CAP) reduced fi xation about 85 % in each case.

   Incubations at elevated temperature (50 °C) delineated the presence of thermo-
philic chemolithoautotrophic bacteria in vents sampled in 1999 (Fig.  3 ). In vent 
sample 99-12A (220 μM H 2 S), dark CO 2  fi xation occurred at 4.15 ± 0.67 μgC/L/h 
(n = 3) with 20 % reduction by thiosulfate, but increased threefold to 
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  Fig. 3    Chemosynthesis in Mary Bay Canyon hydrothermal vent fl uids during 1998 (panel  a ) and 
1999 (panel  b ) fi eld collections. In 1998, 14 °C incubations included three controls, three each 
enrichments with 5 mM thiosulfate (S 2 O 3  = ) or ammonium (NH 4  + ), and a negative control with 
S 2 O 3  =  plus bacterial protein synthesis inhibitor chloramphenicol (CAP). “A” and “B” designate 
vents and above-vents as in Fig.  2 . Addition of 50 °C incubations in 1999 (panel  b ,  right side ) 
enabled detection of thermophilic chemosynthesis. No NH 4  +  or CAP additions were made at 50 °C       
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12.21 ± 0.87  μgC/L/h at 50 °C. The second Mary Bay Canyon sample was extremely 
high in H 2 S (739 μM) and had very low rates of chemosynthesis at 10 °C 
(0.079 ± 0.003 μgC/L/h,  n  = 3) but responded with a 15-fold increase at 50 °C. Based 
on both H 2 S and thermal characteristics, the second sample 99-13A appeared to be 
less admixed with bottom lakewater and was populated with obligate thermophiles. 
In both 1999 cases, the associated half-meter-above samples (B) closely resembled 
water column samples with low ambient rates (0.49, 0.46 μgC/L/h) responding 
strongly to thiosulfate stimulation (0.84, 0.76 μgC/L/h) and losing 90 % of activity 
at 50 °C. 

 Light-saturated photosynthesis in surface survey samples was 1–4 μgC/L/h (data 
not shown). This range is similar on a volumetric basis to unammended, 10–14 °C 
chemosynthesis rates of 0.5–4 μgC/L/h in the fi ve vent orifi ce samples described 
here. The  magnitude  of total vent contribution is unquantifi ed, but widespread 
within the caldera portion of the lake. 

 Infl uence of the geothermal system on sediment pore water chemistry is also 
profound in the vent fi elds of oligotrophic Yellowstone Lake. In our fi rst attempt to 
core Mary Bay Canyon, the polycarbonate liner was melted and we were lucky to 
save the torpedo device itself. Very rapid retrieval after impact enabled us to suc-
cessfully collect a very hot core on the second attempt. The pore water, squeezed 
that afternoon, provided clear evidence of hydrothermal intrusion into sediments 
(Fig.  2c, c ′). Every parameter shown in the profi les was highly enriched over lake 
bottom water (parenthetical values below), indicating fl ux into the lake. In the 
30 cm span of our collections, ΣCO 2  (850 μM) increased from 2 to 10 mM down-
core, far greater than control locations outside the caldera that reached up to only 
3 mM in deeper horizons. Silicate (180 μM) rose from 600 μM to near 2500 μM, 
and H 2 S (<1 μM) suddenly increased below the 7 cm horizon to attain deep values 
of near 500 μM. Organic diagenesis would not reach these levels. Conservative 
chloride (160 μM) displayed a nearly linear gradient reaching 9 mM downcore, 
further supporting the conclusion that hydrothermally enriched fl uids were contrib-
uting to pore water composition. Only ammonium is not potentially a geothermal 
product but rather a leachate of transit (Holloway et al.  2011 ) and its contrasting 
steep gradient in the upper core is more consistent with a diagenetic profi le.   

    Closing Remarks 

 Geothermally infl uenced water fl ows under Yellowstone Lake within the caldera 
boundary and promotes geochemical and microbiological processes that then alter 
the chemistry of the lake itself. Water emanating from vent orifi ces in an enclosed 
canyon location mixes into lake bottom water with rapid dissipation of geochemical 
signals but supports overlying chemosynthetic bacterial populations within the geo-
logically constrained system. Hot vents reaching over 65 °C sometimes contain 
obligately thermophilic chemolithoautotrophic bacteria that attain dark CO 2  fi xa-
tion rates much higher than overlying surface photosynthetic production. Mesophilic 
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chemoautotrophic bacteria are also found in admixtures of ventwater and receiving 
water, and are reliably stimulated by a model reduced sulfur energy source, thiosul-
fate. Pore water gradients of a hot core collected near these vents indicate effl ux of 
geothermally sourced chemicals into the lake through bottom substrates as well as 
through direct venting from specifi c orifi ces. Elevated concentrations of intermedi-
ate reduced sulfur compounds sulfi te and thiosulfate, along with a pore water sulfi de 
gradient sink or barrier at 5–7 cm below the sediment-water interface, points to 
vigorous biogeochemical oxidation in upper sediments near hydrothermal venting 
regions. Widespread active or potential chemosynthetic activity by microbial popu-
lations indicates signifi cant continuous point source and diffuse input of reduced 
energy substrates that promotes carbon dioxide fi xation by bacterial assemblages. 
Both biotic and abiotic geochemical processes, arising through interaction with 
geothermal solid and fl uid phases, systematically change lakewater chemistry rela-
tive to the major infl ow of the Yellowstone River outside of the caldera boundary. 

 One of the many interesting applications of this 10-year project has been the idea 
of a model site for testing NASA mission vehicles intended for use on possibly 
watery moons Enceladus and Titan of Saturn or Europa of Jupiter. A winter expedi-
tion to bore through Mary Bay ice, sniff geochemical gradients, navigate to sources, 
and measure a suite of relevant compounds and potential processes (e.g., add oxy-
gen, seek oxidation chemistry) would be a stunning exercise.     
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