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1  | INTRODUC TION

Spatial ecology studies how individuals, populations, and communi‐
ties are related not only to their surrounding environment, but also 
to space. Typically, spatial ecology covers various scientific fields 
such as biogeography, macroecology, metacommunity ecology, and 
metapopulation ecology, where space has a distinct role in affecting 
how species interact with their environment. Traditionally, spatial 
ecology has focused on large, well‐studied charismatic organismal 

groups including mammals, birds, and larger plants. However, re‐
cently, spatial ecology of unicellular organisms such as bacteria, uni‐
cellular fungi, and algae, has been actively examined in terrestrial 
(Fierer & Jackson, 2006; Green et al., 2004; Horner‐Devine, Lage, 
Hughes, & Bohannan, 2004), marine (Fuhrman et al., 2008) and 
freshwater ecosystems (Astorga et al., 2012; Vyverman et al., 2007). 
The recent literature also suggests that microorganisms exhibit 
large‐scale spatial patterns, which are, however, often somewhat 
weaker than documented for larger taxa.
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Abstract
1. Recently, studies about the spatial distribution of microbial species and communi‐

ties have increased substantially. Freshwater diatoms are used as one of the most 
popular model taxa in such macroecological studies, but the most exciting pat‐
terns in the spatial ecology of diatoms have not been reviewed. Here, we identify 
15 important questions about freshwater diatom ecology, review the major find‐
ings, and suggest novel research avenues.

2. We found that diatoms do not support classical latitudinal diversity gradient, spe‐
cies–area relationship or Rapoport's rule. We found some, albeit inconsistent sup‐
port for an elevational diversity gradient, Bergmann's rule and niche conservation. 
Diatoms do support a positive interspecific abundance–occupancy relationship 
like nearly all other taxa. With regards to metacommunity dynamics, diatom com‐
munities are typically structured by species sorting, but neutral dynamics or mass 
effects are also evident at large or small spatial scale, respectively.

3. Taken together, this review suggests that diatoms follow some classical biogeo‐
graphical patterns similarly to larger taxa, but patterns are typically weaker than 
for macro‐organisms. This may result because diatoms are typically relatively 
strongly controlled by local factors and often exhibit efficient stochastic dispersal 
processes both at small and large scales. More research is needed to build a more 
comprehensive view of diatom species–area relationships and latitudinal gradi‐
ents in diversity, for example. In the future, well‐replicated macroecological field 
experiments, diatom studies with intercontinental or global coverage, trait‐based 
approaches, and DNA‐based species identification would be fruitful avenues to 
shed more light into the spatial ecology of diatoms.
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Diatoms are unicellular eukaryotic algae that have been in the 
focus of microbial macroecology recently (Passy, 2012; Soininen, 
Jamoneau, Rosebery, & Passy, 2016). Traditionally, diatoms have 
been used as bioindicators for various environmental factors such 
as acidity (Korhola, Weckström, & Nyman, 1999), nutrient load‐
ing (Winter & Duthie, 2000), and climatic factors (Pajunen, Luoto, 
& Soininen, 2017; Rühland, Paterson, & Smol, 2015; Weckström, 
Korhola, & Blom, 1997). A prerequisite for such bioindication is a 
proper understanding of underlying ecological and evolutionary 
processes affecting both the diatom regional distribution and local 
abundance. Due to historical reasons, difficulties in identifying 
some of the widely distributed species and the fact that diatom 
distributions are related to local environmental factors, the exam‐
ination of major correlates of diatom community composition has 
long been centered on local environmental forcing instead of bio‐
geographical factors. Traditionally, diatom distributions have been 
held mainly as cosmopolitan, following thus the idea of “everything 
is everywhere, but the environment selects” (Baas‐Becking, 1934; 
Cermeño & Falkowski, 2009; Finlay, 2002). However, recently, the 
emerged view has been that also diatom communities show spatially 
structured patterns, largely similar to those observed for larger taxa 
(Keck, Franc, & Kahlert, 2018; Soininen, Paavola, & Muotka, 2004; 
Verleyen et al., 2009; Vyverman et al., 2007). Such spatial studies 
mostly use morphological species identification, but in the near fu‐
ture, DNA‐based identification methods may give new insights into 
the spatial ecology of diatoms as such methods are not subject to 
somewhat subjective decisions in species identification.

The aim of this paper is to review the recent literature about di‐
atom ecology by identifying 15 important questions in the spatial 
ecology of diatoms, which range from classical topics addressed in 
major biogeographical or macroecological text books (e.g. Gaston & 
Blackburn, 2000) to more recent issues of metacommunity ecology 
(Leibold et al., 2004). These questions thus range from a global focus 

to ones more relevant for the smaller spatial scales. We review ex‐
isting knowledge about these 15 themes and suggest additional re‐
search approaches that would help to provide a more comprehensive 
view of diatom ecology in the near future. In this review, we focus 
on freshwater diatoms. In lakes, spatial ecological studies of diatoms 
consider either pelagic or benthic habitats or both. In streams, stud‐
ies mainly consider benthic habitats. In general, diatom communities 
in lakes should be more strongly dispersal limited than in streams, 
in which local sites are typically more connected with each other 
within a river system (Heino et al., 2015). Here, we exclude general 
freshwater or marine phytoplankton studies that comprise many 
algal groups. We hope our review will be interesting not only for 
diatomists, but also for researchers studying other microorganismal 
groups, such as bacteria or unicellular fungi, which have different 
functional roles in ecosystems compared with algae.

We first describe the number of papers published about spatial 
ecology of freshwater diatoms. Our Web of Science search (years 
1990–2018) revealed that the spatial ecology of diatoms has at‐
tracted increased attention in recent years (Figure 1) allowing us 
to synthesise this field of science using relatively large number of 
articles. We used the following search strings (as topic): Search 1: 
“ecolog*” AND “diatom*” AND “stream*” NOT “plankt*”, Search 2: 
“ecolog*” AND “diatom*” AND “lake*” NOT “plankt*”, Search 3: “mac‐
roecolog*” AND “diatom*” NOT “marine” NOT “plankt*” and Search 
4: “biogeogr*” AND “diatom*” NOT “marine” NOT “plankt*”. We thus 
excluded general plankton studies from the literature search. The 
results of our literature searches show that the number of diatom 
ecological studies in lakes and streams per year increased nota‐
bly after 2002, with overall slightly higher number of lake studies 
than stream studies (Figure 1). Biogeographical studies of diatoms 
per year increased clearly after 2003 (c. 20–30 studies per year), 
whereas studies classified as macroecological have remained low. 
For stream studies, most articles have been published in the U.S.A. 

F I G U R E  1   (a) The four literature searches from the Web of Science (years 1990–2018). Search 1 describes the number of studies about 
benthic diatom ecology in streams per year, Search 2 shows the number of benthic diatom ecology studies per year in lakes, Search 3 shows 
the number of biogeographical studies of freshwater benthic diatoms per year, and Search 4 shows the number of macroecological studies 
on freshwater benthic diatoms. (b) The number of publications during the years 1990–2018 in streams (Search 1) by different countries. (c) 
The number of publications during the years 1990–2018 in lakes (Search 2) by different countries
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followed by U.K. and France. For lake studies, most articles originate 
from the U.S.A., U.K., and Canada.

1. Is there a latitudinal richness gradient in diatoms?

Latitudinal diversity gradient (LDG) represents perhaps the mostly 
widely recognised macroecological pattern in nature. Even if the 
underlying causes of the LDG are still debated, its generality in 
nature has been documented for nearly all organismal groups 
and ecosystems (Hillebrand, 2004). However, LDG seems to be 
weaker for microbial taxa than for larger plants and animals (Fierer 
& Jackson, 2006; Soininen et al., 2016, but see Stomp, Huisman, 
Mittelbach, Litchman, & Klausmeier, 2011). Such a weak biogeo‐
graphical pattern has been accounted for by the fact that microbes 
have small body size, but large cell densities and population sizes, 
and thus efficient dispersal across long distances. A second reason 
could be that microbes are typically severely under‐sampled in the 
field resulting in large number of pseudo‐absences in the datasets 
(Meyer et al., 2018). In essence, microbial data are typically pres‐
ence‐only data since true absences of species from sites can be 
rarely, if ever, verified in the field.

For freshwater diatoms, perhaps the earliest paper to address 
LDG comprehensively was a meta‐analysis by Hillebrand and 
Azovski (2001). Using 148 local and 25 regional freshwater dia‐
tom data sets, compared with larger taxa such as trees, mammals, 
and other vertebrates, they showed that diatom LDG was signifi‐
cant but much weaker. Passy (2010) studied LDG (latitudinal range 
25–50°N) in stream diatoms in the U.S.A. and found that richness 
and latitude had a distinct U‐shaped relationship linked to nutrient 
supply. Moreover, Schiaffiano et al. (2016) reported a non‐significant 
LDG (latitudinal range 45–63°S) for microeukaryotic lake taxa using 
molecular fingerprinting methods. In a global study, Soininen et al. 
(2016) documented an inverse LDG (latitudinal range 50°S–70°N) 
for stream diatoms with lower species richness near the equator and 
higher richness towards the poles. Such a counterintuitive pattern 
was possibly related to nutrient supply. In fact, inverse LDGs have 
also been reported for other biotic taxa such as molluscs and aphids 
(reviewed by Storch, Marquet, & Brown, 2007). Typically, underly‐
ing reasons for the inverse LDG are context‐dependent but may be 
caused when a factor other than latitude drives richness. These fac‐
tors can be resource (nutrients, light) availability or abundance of a 
keystone predator, for example. In the tropics, nutrient concentra‐
tions and light intensities may be lower than in temperate or boreal 
waters (Heino et al., 2018), and diatom communities, largely depen‐
dent on nutrient and light resources, may thus not be more diverse 
in the tropics than near the poles.

In summary, it is evident that freshwater diatoms do not show 
clear linear LDG observed for most of the studied taxa, but patterns 
have been context‐dependent and perhaps related to nutrient sup‐
ply. Studies of LDG need very extensive sampling requiring cooper‐
ation among research groups. In such joint research efforts, use of 
consistent methods in species identification, regardless of whether 
morphological or molecular DNA‐based identification are used, is of 

vital importance so that data can be merged reliably among different 
geographical regions.

2. Do diatoms exhibit elevational diversity patterns?

Elevational diversity gradients in larger organisms are among the most 
widely described patterns in spatial ecology, yet knowledge on eleva‐
tional diversity of freshwater diatoms remains scarce. For species rich‐
ness, the few studies addressing elevational gradients have revealed 
contrasting patterns. Studying a Nepalese river system (600–3,750 m 
above sea level [a.s.l.]), Ormerod et al. (1994) found that diatom rich‐
ness decreased with increasing elevation. Similarly, Wang et al. (2011) 
reported that along an elevational gradient of 1,820–4,050 m a.s.l. in 
a Chinese stream, diatom richness showed a decreasing pattern as‐
sociated with variation in nutrient supply. Recently, a study on South 
American lakes and streams (210–5,070 m a.s.l.) revealed more evi‐
dence for the negative effect of elevation on diatom richness (Benito 
et al., 2018a). In contrast, in a survey of Himalayan streams stretching 
from 350 to 4,700 m a.s.l., no apparent relationship between diatom 
richness and elevation was observed, possibly due to disturbance fre‐
quency in such systems (Jüttner, Chimonides, Ormerod, & Cox, 2010). 
Likewise, in a study on subarctic mountain streams (21–877 m a.s.l.), 
no richness–elevation patterns were found; instead, diatom richness 
was most strongly associated with water depth, presumably reflect‐
ing disturbance frequency and intensity prevailing at a site (Teittinen, 
Kallajoki, Meier, Stigzelius, & Soininen, 2016). Wang et al. (2017) exam‐
ined six streams in mountainous regions of Norway, Spain, and China, 
and found decreasing (1) (same data as in Wang et al., 2011), unimodal 
(1), and non‐significant (4) elevational patterns for diatom richness, 
with water pH as the most important local explanatory variable. Finally, 
Teittinen, Wang, Strömgård, and Soininen (2017) surveyed subarctic 
ponds covering elevations from 10 to 1,038 m a.s.l. and documented 
a unimodal richness–elevation trend, which was best explained by pH.

In addition to species richness, a few studies have examined 
elevational β‐diversity of freshwater diatoms. To our knowledge, 
elevational β‐diversity was first addressed by Wang et al. (2012), 
who examined such patterns along an elevational gradient of 1,820–
4,050 m a.s.l. in a stream in China. While small‐scale β‐diversity of 
diatoms between adjacent sampling sites showed no significant 
elevational patterns, the community similarities decreased signifi‐
cantly with increasing elevational distance when examined across 
the entire elevational gradient (Wang et al., 2012). Declining diatom 
community similarities with elevational distance were also reported 
by Teittinen et al. (2016) for subarctic streams. In conclusion, while 
some studies have found clear elevational diversity patterns for 
freshwater diatoms, others have not. Such inconsistency suggests 
that the patterns are context‐dependent and hinders drawing con‐
clusions regarding their generality, especially for species richness. It 
seems that variation in diatom richness along mountainsides is not 
regulated by elevation and associated climatic gradients only but 
may instead be more directly associated with local factors, such as 
the frequency of disturbances (Jüttner et al., 2010; Teittinen et al., 
2016) or pH (Teittinen et al., 2017; Wang et al., 2017). Future studies 
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should try to uncouple local factors from elevational (i.e. climatic) 
gradients using well‐designed replicated field experiments where di‐
atoms can freely colonise microcosms from the species pool.

3. Is there a species–area relationship in diatoms?

Even if species–area relationships (SARs) are relatively often studied 
for microbial taxa (e.g. Horner‐Devine et al., 2004; Reche, Pulido‐
Villena, Morales‐Baquero, & Casamayor, 2005 for bacteria and Stomp 
et al., 2011 for phytoplankton), SAR studies are extremely rare for 
freshwater benthic diatoms. One reason could be that the sampling 
for truly nested SARs in which larger area always contains the smaller 
area is notoriously difficult to conduct for microbes. Thus, the only 
feasible possibility is to study SARs across independent, but different 
sized sampling areas to reveal whether richness increases with area. 
The underlying reason for a possible SAR in benthic diatoms would be 
that larger samples comprise more habitat heterogeneity, that is, more 
microhabitats and stronger environmental heterogeneity (Cantonati, 
Füreder, Gerecke, Jüttner, & Cox, 2012). In a seminal paper by Patrick 
(1967), factors behind SARs in stream diatoms were studied, and find‐
ings suggested that species richness is influenced by the invasion rate, 
area, and the number of species in the species pool. In one of the few 
more recent studies about diatom SARs, Teittinen and Soininen (2015) 
did not find a significant SAR in spring diatoms, whereas Bolgovics, Ács, 
Várbíró, Görgényi, and Borics (2016) demonstrated that among lakes, 
ponds and pools, diatom richness increased with area. Thus, we think 
that much remains to be studied about SARs in benthic diatoms since 
even the generality of the pattern in different ecosystems is poorly 
resolved let alone the actual mechanism behind the SAR in diatoms.

4. Do diatoms comply with Rapoport's and Bergmann's rules?

Of the classical biogeographical rules, it appears that Rapoport's rule 
has been investigated for diatoms only along elevational gradient, 
not latitudinal. Rapoport's rule suggests that species that have more 
polar or higher elevational range also have larger ranges because cli‐
matic and other environmental variability increases along latitude or 
elevation. However, Wang et al. (2017) documented that diatoms do 
not follow elevational Rapoport's rule in several mountain datasets. 
Likewise, Teittinen et al. (2016) showed that even if community com‐
position exhibited clear segregation along elevation, stream diatoms 
did not comply with elevational Rapoport's rule along mountainsides 
in the subarctic. These results may indicate either that other factors 
than climatic variability shape diatom range sizes or that determination 
of microbial range sizes is highly difficult in the field due to a relatively 
small sampling effort compared with the actual size of the local species 
pool.

Bergmann's rule suggests that the body size of an individual or 
species gets larger towards higher latitude, that is, in colder environ‐
ments (Meiri & Dayan, 2003). Such a rule is important as body size is 
directly related to many biological rates and to how organisms per‐
ceive the surrounding environment they interact with. Organism size 
is also a useful predictor of diversity, abundance, species distribution 

and range size, and the outcome of food web interactions (Hildrew, 
Raffaelli, & Edmonds‐Brown, 2007). Bergmann's rule initially con‐
cerned only endothermic animals, but recently, some indication of 
such a pattern has emerged also in studies investigating ectotherms 
including algae. In one of the most comprehensive papers, Adams 
et al. (2013) found that in geothermally heated streams, diatoms 
were not smaller than in ambient temperature, neither at the species 
nor community level. Thus, the authors concluded that diatoms may 
represent an important exception to temperature–size rules. We 
note here, though, that temperature or latitude also affects aquatic 
biota in many other ways than simply through water temperature 
per se, such as affecting the length of growing season and ice‐free 
periods. Some findings also exist that do support the Bergmann's 
rule in diatoms. Svensson, Norberg, and Snoeijs (2014) showed that 
average community cell volume of benthic diatoms in the Baltic Sea 
decreased with warmer temperatures under the influence of thermal 
effluents of a nuclear power plant. Likewise, Soininen and Kokocinski 
(2006) revealed that average maximum length of epilithic diatoms 
increased towards North in Finnish boreal streams (i.e. communities 
comprised larger species of diatoms in the North). In summary, it ap‐
pears that there is some evidence for diatom cell sizes to become 
larger at colder temperatures, but the generality of such findings 
seems still uncertain. When studying Bergmann's rule, it is import‐
ant to separate species‐level body size (i.e. does size of individuals 
within a species get larger towards the poles) from community‐level 
body size (i.e. do communities harbour larger‐sized species towards 
the poles). In diatoms, spatial patterns of body sizes are exceptionally 
complex as diatom cell size decreases in cell divisions. Thus, cell sizes 
differ between different aged populations.

5. Are freshwater diatoms cosmopolitan?

It has been suggested that especially marine diatoms living in the 
open ocean should often be cosmopolitan due to the lack of disper‐
sal barriers (Cermeño & Falkowski, 2009). However, Casteleyn et al. 
(2010) argued using molecular evidence that even among marine 
planktonic diatoms, cosmopolitanism may not prevail. In their review, 
Vanormelingen, Verleyen, and Vyverman (2009) summarised knowl‐
edge about diatom distributions and concluded that diatoms do exhibit 
biogeographical patterns comparable with larger taxa and that there is 
a clear geographical distance effect in their distributions. Thus, there 
is some evidence supporting the idea that while there are some clearly 
cosmopolitan diatoms (e.g. Gomphonema parvulum, Abarca, Jahn, 
Zimmermann, & Enke, 2014 or Pinnularia borealis, Souffreau et al., 
2013), many species are probably not. In relation to cosmopolitanism 
versus narrow endemism, the most exciting question is what are the 
traits favouring large or small range size in diatoms. For example, are 
cosmopolitan or sub‐cosmopolitan species small or large and are these 
attached or non‐attached species? And what are the traits most often 
associated with narrow distribution in diatoms? Do species with nar‐
row distribution simply have very peculiar environmental demands 
rather than weak dispersal potential? A global analysis investigat‐
ing diatom range sizes versus their traits would probably clarify this 
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important question. We need to acknowledge, however, that there are 
often cryptic species or species complexes in diatoms (Souffreau et al., 
2013), which makes it extremely difficult to evaluate true diatom range 
sizes especially globally.

6. Is there niche conservation in diatoms?

Niche conservatism describes the scenario in which species retain sim‐
ilar characteristics or traits over time and space (Wiens et al., 2010). It 
has potentially important implications for understanding the biogeo‐
graphic distributions of species. In modern times, the most feasible 
method to examine niche conservation is to identify whether the same 
species has similar ecological properties across geographically distant 
regions. In diatoms, the paper by Bennett, Cumming, Ginn, and Smol 
(2010) was probably the first to test whether niche conservation exists 
between continents; it compared the lake diatom pH optima in North 
America and Europe. They found that diatom pH optima were rela‐
tive similar in the two continents, thus supporting niche conservation. 
However, more recently, Soininen et al. (2019) documented only weak 
niche conservation in stream diatoms with regards to chemistry vari‐
ables (pH, conductivity, total P, and water temperature) and climate 
(annual precipitation, seasonality in precipitation, annual tempera‐
ture, and annual temperature range) between the whole continental 
U.S.A. and the five test regions (Finland, France, New Zealand, Reunion 
Island, and Antilles). It appears that any definite conclusions over niche 
conservation in diatoms are premature at best and more global scale 
research is needed. This is complicated by the fact that it is difficult 
to separate local adaptation to environmental conditions from cryptic 
species in diatoms (Souffreau et al., 2013).

7. What is controlling local abundance or cell densities in diatoms?

The question of what is controlling population densities or abundances 
in ecology is related to both organism body size (Marquet, Navarrete, 
& Castilla, 1990) and to species distributions (Brown, 1984; Gaston, 
Blackburn, & Lawton, 1997). Typically, population density of species at 
the	same	trophic	level	scales	with	body	size	(M)	as	a	−3/4‐power	law,	
whereas densities tend to increase with species regional distribution 
due to various reasons such as niche breadth and position or meta‐
population dynamics (Gaston et al., 1997). Passy (2008) investigated 
how diatom density was affected by cell size and regional distribution 
in benthic and planktonic stream habitats in the U.S. As hypothe‐
sised, she showed that density was a negative function of cell size and 
a positive function of distribution. She also highlighted that cell size 
was more strongly related to density in the benthic habitats that in 
plankton, which could occur because open space may be a critical re‐
source for diatoms. Furthermore, more recently, Passy (2012) reported 
that species niche breadth is positively related to species densities in 
stream diatoms. The logic behind this could be that the species with 
large niche breadth can use various resources constantly in time even 
when living in highly variable ecosystems such as streams. With the 
help of such constant resource use, a species could maintain large pop‐
ulation densities. Given that cell densities are critical for the degree of 

primary production, examination of the drivers behind the cell density 
variation in diatoms is very important in the near future. For example, 
ongoing climate change may rapidly increase physical disturbances 
such as flooding or desiccation in streams and may thus have large im‐
pact on cell densities and benthic production.

8. What is controlling regional occupancy in diatoms?

Even if some diatoms tend to have continental or global distributions, 
within a region, diatoms may not be uniformly distributed across all 
localities as they typically show species‐specific environmental pref‐
erences similar to those of multicellular organisms. Furthermore, it 
has been found that, despite differences in their broad‐scale distri‐
bution, the regional distribution of diatoms may not be profoundly 
different from those of multicellular organisms (Heino & Soininen, 
2005; Potapova & Charles, 2002; Soininen et al., 2004). Therefore, it 
could be expected that the degree of species regional occupancy (i.e. 
at how many sites a species occurs in a region) in diatoms would be 
similarly related to niche characteristics, dispersal ability, and body 
size, as have previously been found for multicellular organisms (Brown, 
1984). Heino and Soininen (2006) studied the correlates of regional 
occupancy in stream diatoms and showed that occupancy was pos‐
itively related with niche breadth and attachment ability, whereas 
occupancy decreased with niche marginality. These findings suggest 
firstly that the stream diatom species that have ability to stay attached 
even in higher current velocities maintain higher regional occupancy 
while loosely attached species diminish their populations when prone 
to shear stress by the currents. Secondly, findings indicate that niche 
properties are vital for the occupancy because species with large niche 
breadth are more capable of living in more variable physicochemical 
conditions. In contrast, species that prefer regionally marginal or atypi‐
cal environmental conditions are less favoured and likely to have lower 
occupancy compared with species with typical environmental prefer‐
ences. Recently, Rocha et al. (2018) explored how regional occupancy 
was related with niche characteristics and body size in stream organ‐
isms, including diatoms. Agreeing with Heino and Soininen (2006), they 
found that diatom occupancy was positively related to niche breadth, 
whereas it scaled negatively with niche position, suggesting that spe‐
cies with marginal niche position had lower occupancy. Moreover, they 
documented that smaller diatom species had higher occupancy than 
the larger species perhaps due to the fact that small‐sized species are 
likely to have better dispersal ability (Finlay, 2002; Passy, 2007, 2012), 
which would facilitate their degree of regional occupancy.

9. Interspecific abundance–occupancy relationships in diatoms

The interspecific abundance–occupancy relationship (Brown, 1984) 
is one of the most classical topics in macroecology and widely docu‐
mented for many larger taxa such as plants, birds, invertebrates, and fish 
from various types of ecosystems (Blackburn, Cassey, & Gaston, 2006). 
The causes of such positive relationship range from niche breadth or 
niche position (i.e. whether a species occurs at environmentally typical 
or at marginal sites) hypotheses to metapopulation dynamics and range 
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position hypothesis (reviewed by Gaston et al., 1997). Such a relation‐
ship has also been examined for freshwater diatoms and Soininen and 
Heino (2005) found a comparably strong relationship (r = 0.60) espe‐
cially between maximum local abundance and regional occupancy. In a 
sister paper, they found that positive relationship in a smaller set of bo‐
real streams was most likely to be related to niche position hypothesis 
(Heino & Soininen, 2006). More recently, Rocha et al. (2018) also doc‐
umented a positive relationship between local mean abundance and 
occupancy of diatoms across 54 subarctic streams. They further found 
that the positive relationship was mainly explained by environmental 
niche position with a smaller effect by niche breadth. In summary, it ap‐
pears that diatoms are no exception with regards to this macroecolog‐
ical rule. However, we think further studies should carefully consider 
how to describe the multiple dimensions of diatom niche breadths and 
positions in order to properly reflect the influence of all factors that are 
potentially important for diatoms.

10. Species‐abundance distributions in diatoms

Species‐abundance distribution (SAD) has fundamental significance in 
ecology and describes how the number of individuals is divided across 
species in a community (McGill et al., 2007). In biological communi‐
ties, SADs range from a typical lognormal model with relatively even 
distribution of individuals to very uneven log linear or log series pat‐
terns (Magurran, 2004). For diatoms, Passy (2016) found that under 
higher nutrient supply in streams impacted by agriculture, SADs were 
more even than in nutrient‐poor forested streams. Likewise, Passy 
et al. (2018) documented that SAD evenness increased with nutrient 
input in U.S. streams, but nutrients did not affect evenness in Finnish 
streams. However, they also emphasised that broad biogeographical 
patterns in SAD are not only controlled by water chemistry but also by 
climatic variables, especially temperature seasonality and temperature 
extremes. In summary, these few studies highlight the fact that macro‐
ecological patterns in SAD, as well as in richness, are jointly controlled 
by local environment and large‐scale climatic factors. A general rule is 
that, for diatoms, local factors appear to be more important than for 
most macroscopic taxa for which distributions are typically well‐ex‐
plained by large‐scale climatic variables (Kharouba, McCune, Thuiller, 
& Huntley, 2013).

11. The influence of climate versus local environment for the distri‐
bution of diatoms

Traditionally, diatom distributions have been studied with respect to 
local water chemistry variables. Paleolimnologists investigating lake di‐
atoms were probably the first researchers widely interested in the rela‐
tionship between climatic factors, such as water temperature (Pienitz, 
Smol, & Birks, 1995) and air temperature (Lotter, Birks, Hofmann, & 
Marchetto, 1997), and diatoms. They typically used surface sediment 
training data sets and sediment core data with transfer functions to 
infer long‐term changes in temperatures and concluded that water 
temperature linked to ice cover and stratification was a strong fac‐
tor shaping the diatom communities (Weckström et al., 1997). More 

recently, temperature effects on diatoms have also been studied in 
streams. Potapova and Charles (2002) documented that at the U.S. na‐
tional scale, diatom assemblages clearly responded to variation in tem‐
perature. Notably, mean aerial temperature explained more variation 
in diatom assemblages than water temperature. This may be due to the 
fact that snapshot measurements of water temperature are less reliable 
than long‐term temperature data due to wide temporal variation. One 
has to keep in mind, though, that long‐term aerial temperature data do 
not necessarily reflect accurately stream temperatures that are influ‐
enced by inputs from groundwater and snow melt waters for example, 
which are typically cold. Pajunen, Luoto, and Soininen (2016) examined 
the influence of climatic versus local water chemistry variables on bo‐
real stream diatom distributions in Finland. They found that climatic 
variables, especially growing degree days, may be stronger drivers for 
diatom species distributions than local environmental variables even 
at regional scales (c. 1,000 km). It could be envisaged that the climatic 
influence is even stronger at subcontinental or intercontinental scales 
due to the much longer gradients in temperature. To conclude, it is ev‐
ident that the role of climatic variables in shaping diatom distributions 
have been severely underestimated especially in streams (but for lakes, 
see e.g. Rühland et al., 2015) because water chemistry was expected to 
dominate. We emphasise the urgent need for a stronger research focus 
on the role of climate in driving diatom distributions.

12. Which environmental factors control diatom species richness?

The question of key environmental drivers of diatom community com‐
position in lakes and streams has been widely addressed in diatom 
ecology literature in recent years. This topic was reviewed by Soininen 
(2007) and is therefore not discussed here in detail. Instead, we focus 
here on diatom richness gradients, which have also been studied ex‐
tensively recently. In general, diatom richness patterns are not well‐
explained by any unique or joint effects of the independent variables 
in regression models, such as generalised linear models or machine 
learning approaches, and thus, residual variation in the models is high. 
For example, Heino et al. (2010) documented that environmental and 
spatial variables only explained 25.5% of the variation in species rich‐
ness. In studies by Pajunen et al. (2017) and Teittinen et al. (2017), only 
13 and 35% of richness variation was jointly explained by measured 
local, catchment, and climatic variables for lotic and lentic diatoms, re‐
spectively. Such high residual variation may be due to several factors: 
(1) diatoms as small‐sized organisms are relatively easily disturbed by 
rapid physical or biotic disturbances, which may favour local coexis‐
tence because competitive exclusions are prevented, and may lead to 
unpredictable richness patterns; (2) benthic diatom samples in the field 
may comprise cells from various types of microhabitats, which may 
result in high small‐scale richness variation among the local samples 
that cannot be accounted for by any standard field measurements; and 
(3) the distributions of unicellular organisms are overall relatively sto‐
chastic, for example, due to complex dispersal processes at multiple 
spatial scales and are difficult to link with any measured environmen‐
tal drivers (Soininen, Korhonen, & Luoto, 2013). Future studies should 
look for new ways to characterise the environment and its fluctuations 
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at different scales. For example, continuous tracking of environmen‐
tal variables in the field or sampling the communities in multiple time 
steps would possibly reveal new insights into richness–environment 
relationships in diatoms. Moreover, sampling of diatoms in different 
microhabitats, at different spatial scales (e.g. within a riffle in multiple 
locations and across riffles) in streams and in lakes located at different 
positions within the landscape would allow better understanding of 
diatom coexistence under field conditions.

Even if diatom richness patterns are difficult to explain, some evi‐
dence for general environmental drivers exists. Among the most typ‐
ical key variables are conductivity (Benito et al., 2018a; Heino et al., 
2010; Stenger‐Kovács, Hajnal, Lengyel, Buzckó, & Padisák, 2016), 
pH (Benito et al., 2018a; Stenger‐Kovács et al., 2016; Teittinen et al., 
2017; Wang et al., 2017), total phosphorus (Pajunen et al., 2017; 
Wang et al., 2017), elevation (Benito et al., 2018a), silica (Teittinen 
et al., 2017), ice cover and thermal stratification in lakes (Rühland 
et al., 2015), and shading and water depth in streams (Wang et al., 
2017). Often the relationships between explaining variables and 
richness are not linear but unimodal. This is well‐documented for ex‐
ample by Wang et al. (2017) in the form of unimodal elevation‐rich‐
ness relationships. Such patterns may arise because richness may be 
lower at low elevations due to negative effects of human impacts 
and also low at the highest elevations due to harsh environmental 
conditions where only the strongest taxa survive.

Overall, it can be envisaged that diatom species richness can‐
not often be reliably linked with any environmental variables. As a 
biodiversity metric, it is not always a useful indicator of ecological 
status. For example, in eutrophic waters, species richness can be rel‐
atively high. In addition, species richness may not vary among sites 
(or through time) even if community composition differs broadly 
(Wetzel et al., 2012). Then, richness does not capture the actual 
changes in communities (Hillebrand et al., 2018)—even if compo‐
sition may strongly affect how ecosystems function (Downing & 

Leibold, 2002). Future studies should perhaps concentrate more on 
how richness varies across space per se. For example, is there clear 
spatial autocorrelation in species richness meaning that neighbour‐
ing sites have similar levels of species richness or do species‐rich or 
species‐poor communities merely represent randomly distributed 
small patches in the landscape? Few studies suggest that such auto‐
correlation in richness is typically relatively weak but may be signif‐
icant at small spatial scales (Heino et al., 2010; Jyrkänkallio‐Mikkola 
et al., 2017) suggesting some patchiness in diatom species richness.

13. Do diatoms comply with any available metacommunity theory?

Metacommunity refers to a set of local communities, which are linked 
by the dispersal of some species present in the communities (Leibold 
& Chase, 2018; Leibold et al., 2004). At the heart of metacommunity 
ecology are four archetypes (species sorting, mass effects, patch dy‐
namics and neutral theory) that differ from each other by the degree 
to which species have similar or dissimilar responses to environment, 
whether the local patches vary in their environmental conditions and 
by the rate of dispersal of individuals among the patches (Figure 2). 
For example, dispersal rates vary among these archetypes so that, in 
neutral dynamics, dispersal is typically limited in space (i.e. localised); 
sorting dispersal in species is sufficient for successful population es‐
tablishment whenever environmental conditions allow; and mass ef‐
fects are produced by a dispersal surplus (Leibold & Chase, 2018). The 
extent to which biological communities comply with these four models 
has also been tested extensively for diatom communities.

In lotic diatoms, most studies suggest that communities are influ‐
enced by the combination of limited dispersal and species sorting by 
the environment (Dong et al., 2016; Heino et al., 2015; Wetzel et al., 
2012). Alternatively, lotic diatoms could be driven by mass effects 
especially at smaller spatial scales at which species dispersal is effi‐
cient, assuming there are no obvious dispersal barriers in the study 

F I G U R E  2   The main differences among the three metacommunity archetypes with regards to environmental filtering and dispersal 
rates. (a) The suggested location of neutral dynamics (ND), species sorting (SS), and mass effect (ME) along environmental filtering and 
dispersal rate axes. In ND, species occurrences are controlled by limited dispersal or ecological drift. In SS, species are filtered to sites by 
environment and dispersal rates are sufficient to ensure regional occurrence. In ME, species dispersal rates are so high that they can also 
occur at suboptimal sites. (b) The occurrence of a species in a landscape following ND. This species occurs both in suitable (light blue) and 
unsuitable (dark blue) sites and the occurrence is controlled by limited dispersal or ecological drift. (c) The occurrence of a species following 
mass effects. This species can be present not only in environmentally suitable sites, but may also inhabit unsuitable sites due to high 
dispersal rates. (d) The occurrence of a species following species sorting. This species only occurs at environmentally suitable sites. Dispersal 
is sufficient for the occurrence at any suitable site
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area (Jamoneau, Passy, Soininen, Leboucher, & Tison‐Rosebery, 
2018). The mass effect suggests that species can be temporarily 
present at environmentally suboptimal sites if dispersal rates are 
high (e.g. typically in a downstream direction in lotic systems). Among 
lotic diatoms, there exists some evidence showing that the degree to 
which species follow neutral model, species sorting or mass effects 
may depend on species traits—motile species have been shown to 
comply with mass effects while low profile species may be more 
controlled by environmental filtering (Jamoneau et al., 2018).

Lakes are inherently more isolated for passively dispersing dia‐
toms than stream networks especially if they lack interconnecting 
streams. Lake diatoms have been relatively rarely studied using the 
metacommunity concept. In one of these exceptions, Benito, Fritz, 
Steinitz‐Kannan, Vélez, and McGlue (2018b) studied diatoms in 
number of lake clusters in the Andes and neighbouring lowlands and 
found that according to variance partitioning, dispersal mechanisms 
indicating neutral dynamics were a major contributor to diatom 
metacommunity structure, but in a highly context‐dependent fash‐
ion across lake clusters. For example, in the Andean Altiplano and 
adjacent lowlands of Bolivia, diatom metacommunities were niche 
assembled but constrained either by dispersal limitation or mass ef‐
fects. The outcomes of the specific metacommunity are dependent 
on size of the area, environmental heterogeneity, and ecological 
guild under consideration. Moreover, Vilmi, Tolonen, Karjalainen, 
and Heino (2017) studied littoral diatom metacommunities within a 
large oligotrophic lake in Finland. An interesting finding was that the 
compliance with mass effects varied among diatom morphological 
guilds (e.g. between low‐profile and high‐profile diatoms), indicating 
that there are certain differences in dispersal propensity between 
the guilds. In such a system without an evident water chemistry gra‐
dient, species sorting dynamics were weak. Szabo, Lengyel, Padisák, 
and Stenger‐Kovács (2018) studied metacommunity patterns in soda 
pans in the Carpathian Basin and documented that metacommunity 
dissimilarities were mainly related to species turnover, not nested‐
ness (Baselga, 2010). Furthermore, their analysis revealed that spe‐
cies sorting was the strongest factor related to community variation. 
To conclude, freshwater diatom metacommunities are typically struc‐
tured by species sorting by the environment, but especially at larger 
scales, communities also comply with neutral dynamics. At smaller 
spatial scales, pure spatial component in the data is most likely to 
be due to mass effects. More generally, metacommunity studies are 
often plagued with spurious correlations between environment and 
space. We think that novel variation partition approaches that try to 
separate spatially structured environmental variation from spurious 
correlations between space and environment (e.g. Clappe, Dray, & 
Peres‐Neto, 2018) would be essential for a better separation of en‐
vironmental and spatial components in diatom studies.

14. Co‐occurrence analysis and nestedness in diatoms

Ecological assembly rules refer to certain ecological rules, which in‐
vestigate the circumstances under which species can co‐occur at sites 
and were originally introduced by Diamond (1975). Assembly rules are 

actually formed after searching for meaningful patterns in nature and 
how local communities are assembled from species pool, and include 
e.g. co‐occurrence analyses (i.e. are there species combinations or pairs 
of species that tend to co‐occur less frequently than by chance leading 
to forbidden combinations or checkerboard distribution) and patterns 
of nestedness. Nestedness refers to a situation where communities at 
species‐poor sites are subsets of the communities at more species‐rich 
sites. Heino and Soininen (2005) were among the first ones to investi‐
gate assembly rules in diatoms. They found that boreal stream diatoms 
exhibited significant nestedness and also found some species pairs that 
did occur much less frequently than by chance alone. However, at the 
same time, they acknowledged that nestedness patterns were perhaps 
weaker than for larger taxa and that checkerboard distributions could 
result from different environmental preferences, not from interspecific 
competition. In diatoms, such interactions may take place at very small 
spatial scales not detectable from routine diatom sampling. Moreover, 
at least in streams, competitive exclusions may be uncommon because 
of frequent physical disturbances that hinders such species exclusions.

More recently, nestedness in diatoms has been examined e.g. by 
Soininen (2008) and Tornés and Ruhí (2013). Overall, these studies 
suggest that diatoms do exhibit nestedness but it is typically weaker 
than among larger taxa. The reason could be that, as one of the main 
underlying factors for nestedness is ordered colonisation–extinction 
dynamics, and that for diatoms extinctions are not typical due to high 
dispersal rates, nestedness also is often relatively weak. Moreover, 
diatom distributions are often idiosyncratic due to random dispersal 
events, which tends to weaken nestedness pattern (Soininen, 2008). 
Bottin, Soininen, Alard, and Rosebery (2016) developed an approach 
that could account for species environmental preferences when in‐
vestigating co‐occurrences. They found that among stream diatoms, 
biotic interactions, especially competitive exclusions are not typical, 
but rather that communities are structured by colonisation patterns 
such as priority effects and mass effects. Such environmentally 
constrained null models add realism to systems where species are 
strongly structured by abiotic factors such as in diatoms.

15. Trait‐based approaches in diatoms

Trait‐based approaches (McGill, Enquist, Weiher, & Westoby, 2006) 
are currently used widely in ecological and environmental studies. 
Their key idea is that environment selects species based on their traits, 
not species identity, and thus trait variation may reflect better the 
environmental features than taxonomic composition. Trait‐based ap‐
proaches have been developed rather extensively for phytoplankton 
communities (Kruk et al., 2010; Reynolds, Huszar, Kruk, Naselli‐Flores, 
& Melo, 2002). In lake diatoms, researchers have long been using 
planktonic to benthic species ratios to reflect major environmental 
changes such as water level fluctuations. Perhaps the earliest study 
on diatom traits exclusively in benthic habitats is the study by Passy 
(2007). She divided river benthic diatoms into low profile, high profile 
and motile guilds with an idea that these groups would respond differ‐
ently to resources (nutrient, light) and disturbances (flow conditions, 
grazers). The low‐profile diatoms are likely to be resource‐limited but 
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will be resistant to physical disturbance. The high‐profile diatoms are 
not resource‐limited as they have access to nutrients and light but dis‐
turbance‐stressed because they would be prone to flow disturbance 
and grazers. The motile diatoms can select the most suitable habitat 
and are comparatively free of both resource limitation and disturbance 
stress. She found highly predictable variation in these guilds along nu‐
trient and disturbance gradients in test regions in the U.S. and Bulgaria. 
Such trait division has since then been used successfully in a number 
of papers and related with stream environmental features (e.g. Dong 
et al., 2016) and also in lakes (Benito et al., 2018b).

Tapolczai, Bouchez, Stenger‐Kovács, Padisák, and Rimet 
(2016) recently suggested two trait‐based methods: (1) using 

ordination techniques to form groups of species with similar traits 
based on literature or experiments; and (2) identifying groups of 
species adapted to certain environmental conditions in the same 
way as functional groups are defined in phytoplankton (Reynolds 
et al., 2002). One of the recent trait‐based approaches for all 
stream algae was introduced by Lange, Townsend, and Matthaei 
(2016), where traits are grouped in trait categories and coupled 
e.g. with resource acquisition, resistance to disturbance and pred‐
ator avoidance. Recently, Soininen et al. (2016) showed that, at 
the global scale, a trait‐based approach for stream diatoms bet‐
ter reflected environmental gradients across regions while taxo‐
nomical composition was more related to spatial location of the 

TA B L E  1   A summary table of the 10 selected important research questions or topics for the spatial ecology of diatoms

Question Main findings Key references

1. Drivers of diatom species 
richness

Key local factors: conductivity, pH, phosphorus, thermal 
stratification

Heino et al. (2010), Rühland et al. 
(2015), Wang et al. (2017)

2. Latitudinal richness gradient No consistent linear latitudinal gradient Passy (2010), Schiaffiano et al. (2016)

3. Species–area relationship No consistent support (very few studies only) Patrick (1967), Teittinen and Soininen 
(2015)

4. Abundance–/occupancy 
relationship

Positive relationship Heino and Soininen (2005), Rocha et al. 
(2018)

5. Rapoport's rule No support (studied only along elevation) Wang et al. (2017)

6. Bergmann's rule Some studies support, some do not Adams et al. (2013), Svensson et al. 
(2014)

7. Niche conservation Some studies support, some do not Bennett et al. (2010)

8. Patterns in elevational diversity Species richness shows variable patterns along elevation Wang et al. (2011), Teittinen et al. 
(2017), Wang et al. (2017)

9. Main metacommunity theory 
for diatoms

Species sorting seems to dominate but communities are also af‐
fected by neutrality and mass effects. Mass effects are typical 
at smaller spatial scales

Heino et al. (2015)

10. Nestedness Diatom communities are typically nested, but nestedness is 
weaker than for larger taxa

Heino and Soininen (2005), Tornés and 
Ruhí (2013)

F I G U R E  3   An example of macroecological experiment in the field using diatoms (or any other microbes colonised passively). Local 
environmental conditions can be manipulated e.g. using two‐way factorial (N + P) experiment while letting diatoms freely colonise the local 
microcosms from the air. Diatom colonisation dynamics can be followed using a number of artificial tiles, which are sampled one‐by‐one 
through time until the end of the experiment. Such an experimental setting can be replicated in space to build a network and conducted e.g. 
at different continents, latitudes, or elevation or at islands with varying distance from the continent

Total N (mg/L)

To
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l P
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g/
L
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Global network
of experiments
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sampling sites. Thus, it appears that the trait‐based approach may 
be useful especially for diatom studies aiming to reveal environ‐
mental changes. Collectively, some freshwater diatom studies 
have moved on from taxonomical approaches and started to use 
trait‐based methods in order to better reflect and predict rapid 
the environmental changes we currently face. We suggest that 
researchers examine diatom trait structure further especially at 
large intercontinental or global scales. This is because at such 
large scales, diatom bioindicators may have surprisingly low reli‐
ability due to the differences in regional species pools (i.e. same 
indicator species may not be present in all regions) and in species’ 
ecological preferences (i.e. species may have different environ‐
mental preferences in different regions due to local adaptation; 
Soininen et al., 2019; Telford, Vandvik, & Birks, 2006). Such stud‐
ies may be thus useful when developing new ways to monitor sur‐
face water quality with diatoms.

2  | CONCLUSIONS AND OUTLOOK

To conclude, based on evidence assembled so far, diatoms do not 
seem to lend consistent support for classical biogeographical pat‐
terns such as LDG, SAR, or Rapoport's rule (Table 1). However, there 
seems to be somewhat stronger support for elevational diversity 
gradients, Bergmann's rule and niche conservation. Diatoms do 
support positive interspecific abundance‐occupancy relationship, 
a finding which seems consistent across virtually all taxa. With re‐
gards to metacommunity dynamics, diatom communities are typi‐
cally structured by species sorting, but neutral dynamics may be 
evident at larger spatial scales, whereas mass effects could be acting 
at small spatial scales within which species dispersal among sites is 
effective. In the future, we hope that researchers will consider (1) in‐
vesting more resources in spatially replicated macroecological field 
experiments (Bell, 2010; Wang, Pan, Soininen, Heino, & Shen, 2016) 
in which local environmental conditions can be manipulated while 
letting diatoms (and any other microbes) colonise microcosms freely 
from air (Figure 3). Applied at large spatial scales, this approach 
would give more insights into diatom biogeographical patterns and 
the influence of species pools on local communities since the water 
chemistry could be controlled for across experimental sites. Such 
an approach would thus help us to reveal better whether the view 
“everything is everywhere, but the environment selects” applies for 
diatoms. We also suggest that (2) more diatom studies with intercon‐
tinental or global coverage and with consistent sampling effort and 
methodology across different geographical regions. With relevant 
climatic, land use and water chemistry data, such intercontinental or 
global diatom database would be valuable for evaluating the roles of 
different environmental drivers and biogeographical factors on dia‐
toms. We also encourage researchers to (3) combine morphological 
species identification with DNA‐based approaches (Kermarrec et al., 
2013) and trait‐based methods (Passy, 2007) in order to elaborate the 
spatial ecology of diatoms. New identification tools would be useful 
not only for basic research, but also for diatom‐based biomonitoring 

approaches, which build on proper understanding of observed spe‐
cies distributions and their underlying drivers. Likewise, trait‐based 
approaches may provide new instruments to understand and predict 
rapid environmental changes ecosystems currently face. Finally (4), 
we see great potential in the fossil evidence, such as in ancient DNA, 
to better understand modern diatom distributions (Nanjappa, Audic, 
Romac, Kooistra, & Zingone, 2014).
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