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Coupled long-term limnological data and sedimentary records
reveal new control on water quality in a eutrophic lake
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Abstract
Human impacts on freshwater ecosystems are pervasive, but the short and discontinuous nature of most
datasets limits our ability to understand the controls on water quality and effectively manage freshwater
resources. We examine change in Lake Mendota (Madison, Wisconsin) over the last two centuries by pairing
analyses of a sedimentary archive with the site’s > 100 yr limnological record. We show that eutrophication of
the lake, evident as an abrupt shift in sediment composition, began in the late 19th century following the intensiﬁcation of urban and agricultural land use in the watershed. Efforts to address deterioration of lake water quality, including the removal of point-source pollutants and biomanipulation, have had a measurable inﬂuence on
sediment composition and water clarity. Since the early 1980s, quasi-seasonal cycles of phytoplankton blooms
have induced calcite precipitation, leaving distinct laminations in the sedimentary record. These “whiting
events” evidently did not accumulate in lake sediments until the late 20th century, indicating that efforts to
remediate water quality have shifted the lake to a new ecosystem state. Calcite whitings can improve water quality in eutrophic lakes by coprecipitation with phosphate, increasing phosphorus (P) burial in lake sediments.
Using long-term limnological records, we report negative correlations between calcite saturation indices and
P in lake surface waters and show that calcite whitings could partially explain recent P decline in Lake Mendota
surface waters. Our study reveals a previously uncharacterized potential control on water quality in this eutrophic lake and demonstrates the beneﬁt of coupling long-term limnological data with sedimentary records.

only rarely provide information about a system prior to intensive human modiﬁcation (Smol 1992). Sediments that accumulate on the lake bottom represent an alternative record of
limnological history, where sediment composition and geochemistry reﬂect changes in the lake and its watershed over
years to millennia (Last and Smol 2006; Smol 2009; Williamson et al. 2009). Pairing long-term monitoring of freshwater
ecosystems with analyses of sedimentary archives provides an
opportunity to place recent changes in a broader temporal
context and better understand controls on water quality.
Here, we provide a long-term perspective on the degradation
and remediation of a freshwater ecosystem (Lake Mendota, Madison, Wisconsin) by pairing the site’s long-term monitoring
record with geochemical analyses of a sediment core recovered
from the lake’s deepest point. Lake Mendota has served as a
model system for understanding lake eutrophication with a longterm perspective and has contributed disproportionately to
advances in the ﬁeld (Carpenter et al. 2001). Although Lake Mendota is among the most well-studied lakes in the world, it has
only been intensively monitored since the 1970s. Sediment cores

Freshwater resources in agricultural and urban landscapes are
prone to eutrophication caused by an increase in the transport of
nutrients to rivers and lakes (Carpenter et al. 1998; Mainstone
and Parr 2002), with economic losses from the eutrophication of
freshwater systems in the United States estimated to exceed $1 billion (Dodds et al. 2009). Remediating freshwater ecosystems from
eutrophication remains a major challenge despite ongoing efforts
to manage and monitor nutrient inputs to lakes and rivers
(Smith and Schindler 2009). Long-term monitoring of aquatic
ecosystems is critical for managers to understand potential
ecological pathways and feedbacks that inﬂuence water quality in these systems. Unfortunately, datasets describing freshwater ecosystems are typically short and discontinuous and
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temperature, Secchi depth, and ice cover—do not provide
information on the lake prior to its eutrophication. Since
1995, Lake Mendota has been a core study lake for the North
Temperate Lakes (NTL) program, part of the Long-Term Ecological Research (LTER) network, and regular monitoring of
major ions, nutrients, pH, and the lake’s biological communities began at this time (lter.limnology.wisc.edu).
Geochemical analyses of sedimentary archives provide a
means to infer limnological change over decades to millennia
(Last and Smol 2006; Williamson et al. 2009), and can thus provide information on Lake Mendota prior to signiﬁcant human
degradation of water quality. Sediment cores collected from Lake
Mendota in the 1950s and 1960s (Murray 1956; Bortleson and
Lee 1972) demonstrated that the initial eutrophication of the
lake is clearly reﬂected in compositional and geochemical analyses of sediments. The inﬂuence of recent remediation efforts on
sediment composition, however, has received little attention
(e.g., Hollander and Smith 2001). Advances in the collection, dating, and geochemical analysis of sedimentary archives since the
mid-20th century provide an ideal opportunity to revisit and
build on the work of Murray (1956), Bortleson and Lee (1972),
Hurley et al. (1992), and Lathrop (2007) in the context of recent
and ongoing remediation of water quality in Lake Mendota.
By pairing geochemical analyses of a new sediment core collected in 2015 with analyses of long-term datasets, we demonstrate that food web management (i.e., biomanipulation) and
efforts to reduce nutrient inputs into the lake have improved
water clarity and altered sediment composition, but the lake
has not been restored to its early-19th century state. Instead,
Lake Mendota is now characterized by a historically unique
quasi-seasonal cycle where periodic phytoplankton blooms
generate calcite whiting events. As calcite coprecipitation
with soluble phosphate represents a potential negative feedback on eutrophication through phosphorus burial (Koschel
et al. 1983; Murphy et al. 1983; Hamilton et al. 2009), understanding this new state is critical for managing water quality in
the lake. Calcite precipitation has been primarily studied in oligotrophic lakes (Lake Michigan; Otsuki and Wetzel 1972;
Hamilton et al. 2009) and, since Lake Mendota is a wellstudied model eutrophic system, results here have implications for understanding the inﬂuence of calcite coprecipitation with P in eutrophic lakes globally.

collected from Lake Mendota by other investigators have provided valuable insight into human-mediated changes in the lake
and its watershed (Twenhofel 1933; Murray 1956; Delﬁno
et al. 1969; Bortleson and Lee 1972; Winkler et al. 1986; Hurley
et al. 1992; Hollander and Smith 2001; Lathrop 2007). However,
the most recent sediment cores from Lake Mendota were collected in 1987 (Hurley and Armstrong 1990; Hurley et al. 1992),
1989 (Lathrop 2007), and 1993 (Hollander and Smith 2001) and
only capture a fraction of human activity and management
efforts in the past centuries.
Lake Mendota’s historical trajectory is characteristic of
many lakes in agricultural landscapes of the Midwestern
United States, where deterioration of water quality in the 19th
and 20th centuries prompted remediation efforts (Lathrop
2007). Prior to Euro–American settlement in the early 19th
century, the area around Lake Mendota was occupied by
indigenous groups who practiced a seasonally mobile and
mixed subsistence strategy (Munoz et al. 2014) that had a relatively minor inﬂuence on the watershed. The conversion of
agricultural land in Lake Mendota’s watershed from a patchwork of grasslands, savanna, and mixed forest was mostly
complete by 1870 (Lathrop 2007). Inputs of raw sewage into
Lake Mendota grew along with Madison and neighboring
communities until 1971 when a decades-long project to divert
sewage from the lake was completed (Lathrop 2007). Another
effort aimed at improving water clarity involved a biomanipulation program in the late 1980s that introduced large numbers of piscivorous ﬁshes to the lake alongside a natural die-off
of zooplanktivorous Cisco in an effort to increase grazing by
zooplankton (Kitchell 1992; Lathrop et al. 2002). Inadvertent
species introductions, including Eurasian water milfoil (Myriophyllum spicatum detected in the late 1960s; Nichols et al. 1992)
and spiny water ﬂea (Bythotrephes longimanus detected in 2009;
Walsh et al. 2016), have occurred since the mid-20th century
and continue to alter the ecosystem. Remediation efforts in Lake
Mendota are ongoing and include attempts to mitigate nonpoint–source pollutants as manure and relict phosphorus that
has accumulated in ﬂoodplain soils are remobilized during ﬂoods
(Carpenter and Lathrop 2014; Carpenter et al. 2017). Despite
limited success in mitigating non-point–source pollution, phosphorus concentrations in the surface waters of the lake have
declined in recent years (~ 30% decline in surface total phosphorus concentrations since 2010; Walsh et al. 2016, 2017).
The remediation of Lake Mendota has led to measurable
improvements in water clarity since the mid-20th century
(Lathrop et al. 2002), but we lack datasets of sufﬁcient length
to compare current conditions to those that existed prior to
signiﬁcant human degradation of the lake, which began
shortly after settlement in the watershed in the 1830s. Cyanobacterial blooms were already occurring on Lake Mendota by
the time formal limnological research associated with the University of Wisconsin began in the 1880s (Brock 1985; Lathrop
and Carpenter 1992b), so even the longest datasets beginning
in the early 20th century—including surface water

Methods
Lake Mendota is a large (3,988 ha) and deep (25.3 m maximum depth) lake situated in the agricultural landscape of
south-central Wisconsin (Fig. 1). The lake formed as a result
of the retreating Laurentide ice sheet at the end of the Pleistocene about 15,000 yr ago, and its watershed is underlain
by calcareous glacial deposits that overlie Cambrian shale,
dolomite, and dolomitic sandstone (Murray 1956). Lake
depth is greater than 10 m (corresponding to the mean depth
of the thermocline) over roughly 60% of the lake’s area. The
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Fig. 1. The location of Lake Mendota and its watershed in Madison, Wisconsin, showing lake bathymetry (Center for Limnology, NTL-LTER 2004) and
land-cover of the watershed (NLCD, Homer et al. 2015).

disturbance of the uppermost sediments. To preserve the uppermost sediment stratigraphy, we used the superabsorbent powder
Zorbitrol to stabilize the core top and kept the core upright and
in cold storage (2 C) for 2 weeks. The sediment core was split
longitudinally, imaged, and described at the National Lacustrine
Core Facility (LacCore) at the University of Minnesota. One half
of the core was preserved as an archive and subjected to nondestructive elemental analysis using micro X-ray ﬂuorescence spectroscopy (μXRF) at 1 mm resolution in an ITRAX core scanned
housed at the Woods Hole Oceanographic Institution. The other
half of the core was subsampled at 1 cm intervals and used for
210
Pb dating and loss-on-ignition (LOI) analyses.
For chronological control, subsamples at 2 cm intervals
(n = 56) were freeze-dried and submitted to the St. Croix

hypolimnion is largely anoxic during summer stratiﬁcation
but is oxygenated during spring and fall lake mixing. The
Yahara River drains an area of 190 km2 into the lake at its
northeastern end before continuing south into adjacent Lake
Monona. The City of Madison, Wisconsin, and the University of Wisconsin–Madison are situated along the southern
shore of Lake Mendota.
To investigate the condition of Lake Mendota over the past
two centuries, we collected a 115-cm sediment core through ice
cover from the deepest point of Lake Mendota (43.10667 N,
89.42472 W, water depth = 25 m) in March 2015. We used a
Livingston–Wright piston corer with a Bolivia adapter attached
to a 7 cm diameter polycarbonate tube, beginning our collection 10 cm above the sediment–water interface to minimize
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Fig. 2. Description of sediment core recovered from Lake Mendota’s deepest point in 2015, showing (a) color photograph and sediment description,
(b) sediment composition by LOI, (c) elemental composition by XRF spectroscopy, and (d) age-depth model.

Watershed Research Station for 210Pb alpha spectroscopy. Of
these subsamples, 210Pb activity was measured on 20 samples
and these samples exhibited a monotonic down-core decrease
in 210Pb activity. Of these samples, samples above 82 cm core
depth (n = 17) contained unsupported (excess) 210Pb that we
used to estimate sample ages and uncertainties back to A.D.
1814  16 using the Constant Rate of Supply model (Appleby
and Oldﬁeld 1978). To estimate ages and uncertainties continuously across the entire core (Fig. 2d), we used Bayesian age
modeling software (bacon v.2.2; Blaauw and Christen 2011) with
the 210Pb ages and the core top as chronological controls.
To measure the relative amounts of organic carbon, inorganic carbon (CaCO3), and other minerals in the sediment, we
used 1 cm3 subsamples at continuous (1 cm) resolution for
LOI analysis (Heiri et al. 2001). Sediment subsamples were
placed in crucibles and dried at 100 C for 12 h and then
burned in a mufﬂe furnace at 550 C for 4 h to remove organic
carbon, followed by another burn at 1000 C for 2 h to remove
carbonate minerals. The subsamples were weighed between
each treatment, and the percent weight lost during each burn
was used to calculate the percent organic, carbonate, and mineral content of each subsample.

To examine the relationships among sediment composition,
geochemistry, and sedimentation rates, we used principal components analysis (PCA; package “vegan” in R; Oksanen
et al. 2015). We used a Hellinger-transformed matrix of the
XRF elemental signals for Ca, P, Si, Fe, and Ti for the ordination
and mapped relative luminance, sedimentation rate, and sediment composition data onto the ordination as environmental
covariates. We were interested in the change in each principal
component (PC) over time and observed long-term change by
smoothing the raw PC data over the estimated core date at each
corresponding depth interval using a generalized additive
model (PC ~ s(est. date); package “mgcv” in R; Wood 2011).
We normalized our μXRF elemental signals to titanium
(Ti) to provide estimates of biogenic or autochthonous sedimentation in the core (e.g., autochthonous sedimentation of
Fe, P, Si, and Ca here; Cohen 2003). In analyses of μXRF datasets, Ti is often used as a measure of rain and erosional run-off
from a watershed, and Ti abundance in the surface soils of the
Yahara watershed is above average for the continental United
States (Smith et al. 2014). We use ratios of elemental signals to
Ti (e.g., Fe/Ti, P/Ti, Si/Ti, and Ca/Ti) as proxies for autochthonous sedimentation of each element in Lake Mendota, which
S37

Walsh et al.

Coupled approach reveals novel control

while iron (Fe) is relatively high in the lower marl unit and
declines in the uppermost units. Sedimentation rates derived
from an age model based on 210Pb range from 1.5 to 3.4 yr cm−1,
with the highest sedimentation rates during the transition from
the lower marl to gyttja unit in the late 19th and early 20th
centuries.
We used PCA to examine the relationships among sediment
composition, geochemistry, and core color (relative luminance)
(Fig. 3). The ﬁrst two PCs explain 89% of the variance in the
dataset. PC1 explains 70% of the variance and illustrates the
contrasts between sedimentary units composed primarily of
carbonate (i.e., marl units) and those containing more silicates
and higher sedimentation rates (i.e., gyttja unit). PC2 explains
19% of the variance and is deﬁned by contrasts in sediments
containing high amounts of P, Ca2+, and carbonates (i.e., marl
units) with those characterized by higher amounts of Fe and
organics (i.e., gyttja unit). Core color as measured by relative
luminance was most closely associated with Ca2+ and carbonates in the core. Loadings of compositional and elemental variables on PC1 and PC2 demonstrate that sedimentological
information drawn from multiple independent analyses are
correlated and provide a coherent record of changing environmental conditions in Lake Mendota and its watershed. Shifts in
the scores of PC1 and PC2 are closely aligned with unit transitions identiﬁed visually, implying that the leading components
of the PCA summarize the major sedimentological changes that
have occurred in this sedimentary archive.
The inﬂux of inorganic and organic materials as well as the
elemental composition of sediments that have accumulated in
Lake Mendota have shifted markedly over the last two centuries (Fig. 4). Accumulation rates of silicates, carbonates, and
organics are relatively low and stable until ca. 1880 but rise
sharply with increasing human population density in the
watershed, increasing by 500%, 250%, and 300% at their peak
in the mid-20th century, respectively. Accumulation rates of
inorganic and organic materials have declined since ca. 1960,
although they remain 320% and 190% higher at present than
in the early 19th century, respectively. Decadally smoothed
and normalized elemental abundances also shift markedly
beginning around 1880, with sharp increases in P, Fe, and Si
and an opposite trend in Ca2+ continuing until the mid-20th
century, followed by a shift back toward early 19th century
conditions in recent decades. Trends in accumulation rates
and elemental composition correspond to shifts in human
activities in Lake Mendota’s watershed. The initial and sharp
increase in accumulation rates occurs ca. 1900, shortly after
the area’s prairies and savannahs were converted to agricultural and urban land use ca. 1870 (Lathrop 2007), whereas
declines in accumulation rates followed efforts to reduce soil
erosion and remediate water quality (Carpenter and Lathrop
2014). The temporal correspondence between sedimentation
in Lake Mendota and human activities occurring in the watershed implies that the lake’s sedimentary archive is highly sensitive to human activities.

are often used to be more directly comparable to limnological
variables from long-term instrumental datasets.
To evaluate the sedimentary record against instrumental
data collected from Lake Mendota, we obtained discontinuous
measurements of Secchi depth (a measure of water clarity)
from A.D. 1900 to 2016, and water chemistry and phytoplankton from 1995 to 2014 from the NTL LTER website (https://
lter.limnology.wisc.edu/researchsite/lake-mendota; NSF North
Temperate Lakes Long-Term Ecological Research, “NTL LTER”;
Magnuson et al. 2010a,b,c,d; Lathrop et al. 1996). To assess
the potential for calcite formation in Lake Mendota, we calculated the calcite saturation index (SIcalcite) using the aqueous
geochemical modeling software PHREEQC (Parkhurst and
Appelo 1999; details provided in the Supporting Information).
Brieﬂy, SIcalcite is calculated as log(IAP)/Ksp, where IAP is
the ion activity product of calcium and carbonate ions and Ksp
is the solubility product of calcite at sample temperature. A
SI > 0 indicates oversaturation, whereas SI < 0 indicates undersaturation. SIcalcite was calculated for the surface (0 m) and bottom (20 m) waters of Lake Mendota for each date in the NTL
LTER dataset using records of pH, temperature, dissolved oxygen, cations (calcium, magnesium, sodium, potassium, iron,
and manganese), and anions (alkalinity, chloride, and sulfate).

Results
The sedimentary record recovered from Lake Mendota
exhibits prominent shifts in sediment composition, geochemistry, and sedimentation rate of material that has accumulated
on the lake bottom since the late 18th century (Fig. 2). Based
on visible changes in sediment composition that are also
reﬂected in sediment geochemistry, we divide the sedimentary
record from Lake Mendota into three units, namely: (1) a
lower marl unit (113–67 cm; A.D. 1780–1885), (2) massive
black gyttja (67–21 cm; A.D. 1885–1980), and (3) an upper
marl unit (21–0 cm; A.D. 1980–2015). The lower marl unit consists of alternating 2–10-cm thick sections that are light and
medium brown in color. This unit is composed predominantly
of carbonate (40–60% composition by dry weight) and silicate
minerals (30–45%), with low organic content (9–14%). Sediment composition in the black gyttja unit is characterized by
increased silicate (50–60%) and a decrease in carbonate
(25–40%) with little change in organic content or color. The
upper marl unit is dark brown in color with prominent light
brown ~ 1 mm laminations and differs from the lower marl
unit in that its composition is characterized by a lower carbonate content (40–50%), more silicates (34–48%), and a higher
organic content (14–18%). Elemental analysis of the sedimentary archive via μXRF tracks shifts observed in sediment composition, with calcium (Ca) and phosphorus (P) declining
during the transition between the lower marl and gyttja units
followed by an increase in the upper marl unit. The trajectory
of silicon (Si) is characterized by an increase in the gyttja and
upper marl units before declining in the uppermost sediments,
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Fig. 3. (a) XRF elemental scores (labeled in black; calcium, iron, phosphorus, silica, and titanium) are plotted in PC ordination space. LOI and relative
luminance data are ﬁt onto the ordination in blue and orange arrows, respectively. Raw (gray lines) and smoothed (PC as a GAM-smoothed function of
core depth, k = 22, with red lines and shaded area representing 95% conﬁdence intervals) PC vectors are plotted for the ﬁrst (b) and second (c) PCs of
the ordination which explain 70.7% and 19.0% of the variation in the XRF multivariate data, respectively.
out of the water column and occur at the same times as
laminations in the sedimentary record, supporting the
hypothesis that these laminations represent whiting events.
Calcite saturation index values (estimated from 1996 to
2014 LTER data) reveal regular potential for whiting events
(i.e., when SIcalcite > 0) in the surface waters of Lake Mendota
throughout the study period (Fig. 6). This potential was highest in summer with SIcalcite often 10 times supersaturation
(SIcalcite > 1) between June and August (Figs. 6, 8b).
As an indicator of the potential for whiting events to occur,
high SIcalcite values indicating supersaturation were related to
the estimated dates corresponding to whiting bands in the
sediment core (Fig. 6a). Speciﬁcally, 1998, 2008, 2013, and
2014 were characterized by both high SIcalcite values (> 1) and
the presence of a whiting band at the corresponding depth in
the sediment core. High SIcalcite values in 1996 and 2010 were
well within the date estimates for whiting bands at depths corresponding to 1995 and 2011. SIcalcite values exceeded one in
1999 and from 2001 to 2006 (values did not exceed one in
2000 and 2007), but no whiting bands were present in the
core during these years (though the error on core date estimates from 2008 and 1995 would span this range). While calcite was occasionally undersaturated in the bottom waters of
Lake Mendota (< 0, suggesting potential for calcite precipitated in the surface waters to redissolve in the bottom waters),
periods of undersaturation were not associated with the
absence of whiting bands in the sediment core.

The upper marl unit of Lake Mendota’s sedimentary
record represents environmental conditions after the implementation of water quality remediation efforts and contains
a series of distinct light brown laminations that are unique
to this unit (Fig. 5). We identiﬁed eight laminations using
high-resolution imagery and luminance of the split core
that occur in three clusters: three laminations in the top
4 cm dated to A.D. 2013, 2011, and 2008  4 yr (2σ conﬁdence interval), four laminations between 10 and 13 cm
date to 1998, 1995, 1994, and 1992  5 yr, and two laminations between 15 and 18 cm date to 1986 and 1983  5 yr.
We hypothesized that these laminations represent rapid
precipitation of carbonate from the water column during
“whiting events” as a result of phytoplankton blooms
(Strong and Eadie 1978; Hamilton et al. 2009). Historical
(1995–2015) phytoplankton measurements from the water
column of Lake Mendota in the vicinity of the coring site
(Magnuson et al. 2010b) show that the largest blooms of
phytoplankton occurred in the summers of 2014, 2011,
2008, 2001, 1998, and 1995, with a period of reduced
bloom frequency and phytoplankton biovolume concentrations from 2002 to 2007. During one of these blooms, in
2014, for which high-resolution measurements of total
inorganic carbon (TIC) are available, the increase in phytoplankton populations is associated with a precipitous
decline in TIC. Phytoplankton blooms in Lake Mendota are
temporally associated with the precipitation of carbonate
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Fig. 4. Observed changes in Lake Mendota’s sediment, surface water, and watershed from the late 18th century to present: (a) historical population size
of Madison, Wisconsin, alongside timing of agricultural intensiﬁcation and water quality remediation efforts; (b) record of water clarity (Secchi depth;
Magnuson et al. 2010c; Lathrop et al. 1996); (c) sediment accumulation rates of carbonates, silicates, and organic material; (d) smoothed and normalized elemental composition of the sedimentary record derived from XRF.

Mean annual dissolved reactive phosphorus (DRP) in the
surface waters of Lake Mendota was weakly negatively correlated with mean annual SIcalcite values from 1996 to 2009
(slope = −0.016, SE = 0.010; intercept = 0.054, SE = 0.0074;
Fig. 6b). The intercept of this relationship decreased over
2010–2014 (−0.048, SE = 0.010) and the slope increased
(+0.041, SE = 0.014). Mean surface water DRP in spring was
negatively correlated with mean spring SIcalcite values from
1996 to 2009 (slope = −0.049, SE = 0.018; intercept = 0.074,
SE = 0.013; Fig. 6c). The intercept of this relationship declined
over 2010–2014 (−0.040, SE = 0.019), but there was no change
in the slope (0.025, SE = 0.026).

Discussion
Long-term limnological monitoring and sedimentary
archives provide complementary data to observe change in
lakes, which we use to characterize long-term change in calcareous and eutrophic Lake Mendota. Our analysis of the
lake’s sedimentary record supports previous paleolimnological
studies that characterize the effects of human settlement in
the watershed on lake sedimentation, while providing new
evidence of changes in the lake as a result of recent efforts to
remediate water quality. Beginning around 1980, sedimentation in Lake Mendota has been characterized by elevated calcite precipitation manifested by distinct laminations in the
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Fig. 5. Late 20th century sedimentation and phytoplankton blooms in Lake Mendota: (a) color image and relative luminance of the upper marl unit
identifying laminations; (b) phytoplankton biovolume (1995–2015; Magnuson et al. 2010b) noting timing of blooms, and relationship of phytoplankton
blooms with TIC (Magnuson et al. 2010d) during the 2014 bloom.

have accumulated in Lake Mendota’s sediments with those
measured in surface waters. In particular, P storage in lake sediments has played an important role in lake water quality.
Phosphorus concentrations in the water column were relatively stable throughout the early 20th century until an abrupt
increase in 1945 when concentrations nearly doubled and
continued to increase more gradually through the 1960s and
1970s (Lathrop 1992a). This contrasts with the sedimentation
pattern of P reported here which increases earlier and more
gradually throughout the late 19th and early 20th century with
increasing human activity. Bortleson and Lee (1972) explains
this trend by suggesting that the depositional efﬁciency of P
has increased with increased human activity in the watershed.
Sediment-bound P from erosion is likely transported with the
elements (e.g., Fe, Mn, Al3+, K+, or even Ca2+) and materials
(e.g., clay) that increase depositional efﬁciency of P (Stauffer
1985), possibly buffering the lake from increases in P concentrations in the water column that would otherwise occur with
external loading and sediment resuspension during lake mixing. Abrupt increases in P in the water column beginning in
1945 would suggest a decline in the depositional efﬁciency of
P in Lake Mendota around that time. In the 1940s, agriculture
in the watershed intensiﬁed and the application of mineral
and manure fertilizers may have led to more dissolved, bioavailable P and fewer P adsorbing elements from the watershed entering the lake (Lathrop 1992a). However, we do note
that postdepositional mobility of sediment P can depend on
the speciﬁc mobility of different P species (Ostrofsky 2012). As

uppermost sediments. We show that this recent shift toward
elevated levels of calcite accumulation has persisted since
early reports of elevated calcite precipitation (e.g., Hurley
et al. 1992; Hollander and Smith 2001), and the most recent
calcite laminations (since ca. 2008) correspond to a period of
increased P burial and decreased available P (DRP) in eutrophic Lake Mendota.
Eutrophication and remediation of Lake Mendota
The eutrophication and remediation of Lake Mendota are
reﬂected in the three units present in the sediment core,
namely a lower marl unit, gyttja unit, and upper marl unit.
We characterize the lower marl unit, occurring from 1780 to
1885, as a period of relatively little change in the sedimentary record of Lake Mendota—an interpretation that is consistent with previous paleolimnological studies of this lake
(Twenhofel 1933; Murray 1956; Bortleson and Lee 1972; Hurley et al. 1992; Lathrop 2007). The abrupt transition from the
marl to gyttja unit occurs in the late 19th century and has
previously been linked to eutrophication caused by the
intensiﬁcation of human settlement in the lake’s watershed
(Twenhofel 1933; Murray 1956; Bortleson and Lee 1972). We
also report an upper marl unit in Lake Mendota. This unique
sedimentary unit begins ca. 1980 and reﬂects a shift toward a
new ecosystem state that corresponds to a period of active
water quality management in the lake and watershed.
Phosphorus (P) plays a critical role in eutrophication, and
our paired approach allows us to contrast changes in P that
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Fig. 6. (a) Long-term (1996–2014) changes in the calcite saturation index (SIcalcite) of surface (0 m; black line) and bottom (20 m; gray line) waters in Lake Mendota. The estimated dates of calcite whiting bands in the sediment core are plotted along the top of the panel for reference (black circles with gray lines representing 95% conﬁdence intervals). Lines corresponding to oversaturation and undersaturation (> 0 or < 0, respectively; horizontal dotted red line) of calcite are also
included for interpreting the saturation index data (> 1 indicates 10 times supersaturation; solid red line). The relationship between the SIcalcite values and P in the
surface waters of Lake Mendota (mean DRP at 0 m in mg L−1) over the entire year and spring (March through April) is plotted in panels (b) and (c), respectively.
Solid lines and circles represent annual averages from 1996 to 2009, and dashed lines and triangles represent annual averages from 2010 to 2014.

years of favorable whiting conditions in the surface waters of
Lake Mendota (Fig. 6). To our knowledge, laminations of calcite appearing in our sediment core ca. 1980 are a novel feature in the sediments of Lake Mendota despite previous
suggestions of summer whiting events in the water column
(Hawley 1968; Stauffer 1985) and accumulation of calcite in
the sediment prior to 1980 (Fig. 4c). These laminations are not
evident in the deeper units of the core nor have laminations
(post-1980 or otherwise) been reported in any previous analysis of Lake Mendota’s sedimentary record. Elevated Ca2+
(μXRF), CaCO3, and calcite whiting bands may mark a partial
transition back to conditions similar to the lower marl unit
(ca. 1790–1885).
Calcite whitings can be triggered by high primary production in eutrophic lakes (i.e., phytoplankton blooms; Hawley
1968; Murphy et al. 1983). Despite Lake Mendota being a calcareous lake, the recent calcite laminations are not necessarily
expected. If phosphate concentrations are high, formation of
calcite is dependent on a higher degree of supersaturation

we do not account for different P species here, our sediment
analysis of long-term changes in P should be interpreted with
variation in mobility of P species in mind. Since sewage diversion in 1971, which reduced the P load into Lake Mendota by
30% (Lathrop 1990), remediation efforts have been widely
adopted in the lake’s watershed to reduce nonpoint source
pollution which increased in the 1970s. The most prominent
change in the watershed has been no-till conservation practices, which are known to increase dissolved P loading despite
decreasing sediment P loading, mobilizing more bioavailable P
during extreme rain events (Motew et al. 2017). Both extreme
precipitation and extreme P loading events have increased
over the past three decades, highlighting the need to understand pathways of P burial in the lake when designing watershed P management strategies (Carpenter et al. 2017).
Calcite sedimentation in Lake Mendota
A distinct property of the upper marl unit is the presence of
several 1–2-mm thick calcite laminations that correspond to
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Mendota. Since 1990, there has been an overall increase in
the frequency and intensity of extreme rain events over Lake
Mendota’s watershed (Carpenter et al. 2017), enhancing runoff
and erosion that increases the Ca2+ load into the lake. Since
1990, mean annual Ca2+ concentrations in Lake Mendota, as
well as the presence and absence of whiting bands, have also
closely tracked precipitation and discharge into the lake at a
coarse scale (e.g., broad patterns in Supporting Information Fig. S2). Whiting bands are present from ca. 1992–1998 to
2008–2015 (periods when discharge and Ca2+ are high; Supporting Information Fig. S2) but absent from 2002 to 2007
(a period when discharge and Ca2+ were low; Supporting Information Fig. S2). Yet, there is little correlation between discharge
from the Yahara River and Ca2+ in either the surface waters
(Pearson’s r = −0.03 and no lagged cross correlation at any lag)
or bottom waters (Pearson’s r = 0.26 with no negative lag cross
correlation that might correspond to an effect of discharge on
Ca2+ concentrations) of Lake Mendota. Even if these coarse
ﬁndings imply that changes in Ca2+ loading and concentrations in the water column may provide a plausible explanation
for the absence of whiting bands from ca. 2002–2007, SIcalcite
generally remained oversaturated during this time period.
Therefore, we suggest that the connection of whiting bands to
phytoplankton blooms is more likely. Indeed, when primary
production increased again in the late 2000s, so did the presence of whiting bands in the sediment core. Recent whiting
bands in the late 2000s may be related to large P loading events
from extreme precipitation events and ﬂooding (2008 and
2009; Carpenter and Lathrop 2014) and massive declines in
herbivore biomass due to invasive, zooplanktivorous spiny
water ﬂea (since 2010; Walsh et al. 2017) which both can promote high primary production of phytoplankton.

Fig. 7. Long-term changes in phosphorus concentrations (mg L−1) in
Lake Mendota. Raw data are plotted as smaller, transparent shapes while
annual averages are plotted with lines and larger opaque shapes. Total
phosphorus (TP) is plotted with orange circles and dashed line annual
averages, and DRP is plotted with blue triangles and solid line annual
averages. The difference between annual average TP and annual average
DRP (TP − DRP) is plotted as a thicker gray line.

(a greater SIcalcite) or can be inhibited (House 1987). Indeed, in
other hardwater eutrophic lakes, there appears to be a threshold of phosphate concentration above which whiting events
are not observed (Stabel 1986; Dittrich and Koschel 2002). In
Lake Mendota, the lake biomanipulation experiment in 1987
led to a decrease in phytoplankton biomass through elevated
herbivory by Daphnia pulicaria (Lathrop et al. 2002), which
should also decrease CO2 uptake and the likelihood of a whiting event by decreasing SIcalcite. However, increases in
D. pulicaria grazing may have promoted higher inedible phytoplankton (primarily cyanobacteria) biomass in summer (via
apparent competition with smaller, edible phytoplankton)
despite driving an overall decline in phytoplankton biomass
over the entire year (Lathrop and Carpenter 1992a; Walsh
et al. 2018). Hence, conditions in summer are optimal for biologically mediated calcite precipitation as D. pulicaria facilitation of
inedible/unpalatable cyanobacteria could have triggered a new
state of high calcite coprecipitation (Schultze-Lam et al. 1997;
Hodell et al. 1998). The ﬁrst year of high D. pulicaria biomass
after the biomanipulation, 1987, is within the range of the deepest whiting bands in our core (1983 and 1986  5 yr). Notably,
Hurley et al. (1992) captured a large calcite sedimentation event
in deployed sediment traps in June and July of 1987, which
likely corresponds to our 1986 ( 5 yr) lamination. Moreover,
the sediment core collected in June 1987 by Hurley et al. (1992)
contains a peak in calcite in surface layers dating to the early
1980s (also reﬂected in the 1993 core in Hollander and Smith
[2001]), possibly corresponding to our 1983 ( 5 ys) lamination (though note that the core was obtained during the
1987 whiting event).
The cause of a reduction in whiting bands during the early
2000s is not quite as clear. Phytoplankton biomass was reduced
during this period (Fig. 5b), but so were Ca2+ loadings to Lake

Paleolimnological insight into phosphorus decline in the
surface waters of Lake Mendota
Phosphorus concentrations in the surface waters of Lake
Mendota have declined substantially since 2010 (−0.034 mg
L−1 or a 65% decline in DRP over the 1995–2009 mean; Fig. 7)
to the lowest concentrations observed since the 1950s
(Lathrop 1992a). This decline occurred despite relatively constant external P loading (Lathrop and Carpenter 2014), suggesting an increase in P storage in the lake.
We note that iron is also capable of coprecipitating with P in
oxygenated water (Gachter and Muller 2003) and could play a
role in recent shifts in P sedimentation dynamics. Historically,
the role of iron in P dynamics has been considered to be minimal in Lake Mendota due to persistent summer anoxia leading
to the soluble, reduced iron (Fe2+). Iron is also more likely to
bind to sulfur under these anoxic, reducing conditions, precipitating as iron sulﬁde. Coprecipitation with sulfur decreases available iron that could bind to phosphate under oxic conditions
during lake mixing (Lathrop 1992b). However, we note a steady
decline in S despite relatively constant Fe in the uppermost
layers of sediment (by μXRF, ca. 1980–present). While anoxia
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[Chave 1965] or associated algal biomass [Hamilton et al. 2009]).
In this study, we focus on coprecipitation as it is a potentially
new control on P concentrations, but acknowledge that some of
calcite-associated P may be organically bound. Phosphorus
(P) concentrations in the surface waters of Lake Mendota have
declined by 0.034 mg L−1 since 2010 over the 1995–2009 mean
(Fig. 7). Notably, it appears as if this shift to persistent low P concentrations occurred over a matter of weeks in 2010 (Fig. 8a).
We use the following paragraphs to explore how calcite sedimentation, food web dynamics, and organic matter sedimentation may relate to the decline of phosphate in the lake’s surface
waters.
The seasonal timing of whiting events in Lake Mendota
could have implications for the role of calcite sedimentation in
P cycling. The majority of whiting events in the lake likely
occurred in summer, when SIcalcite values were high (Fig. 8b).
However, soluble phosphate is scarce in the surface waters of
the lake in summer (Fig. 8a) and coprecipitation of soluble
phosphate with calcite would not necessarily account for much
additional burial of P in summer (Stauffer 1985). Conversely, a
whiting event in spring, when soluble phosphate concentrations are high (Fig. 8a), could represent a substantial sink of P
in Lake Mendota. This may have occurred in spring of 2010, a
time that was characterized by massive and rapid declines of P
(Fig. 8a) alongside the largest spring diatom bloom observed in
the study period (Magnuson et al. 2010b), the highest spring
SIcalcite reported here (0.99; Fig. 8b), and evidence of whiting
bands in core layers dated to ca. 2008 and 2011 ( 4 yr).
To further explore the capacity of calcite to remove P during
whiting events, we conducted a brief literature review of studies
with prewhiting and postwhiting measurements of P across
lakes with differing concentrations of Ca2+ (see Supporting
Information for more details). Building on the work of DanenLouwerse et al. (1995), we focus on in situ studies of whiting
events, so as to capture both coprecipitation and organic matter
binding dynamics. We found a positive correlation between in
lake P-concentration and the weight to weight ratio of P
removed by a whiting event to Ca2+ across the ﬁve study lakes
that met our search criteria (Adj. R2 = 0.97, p < 0.001; Supporting Information Fig. S1; Otsuki and Wetzel 1972; Koschel
et al. 1983; Murphy et al. 1983; Kleiner 1988; Hamilton
et al. 2009). Using this relationship and mean dissolved P concentrations in the surface waters of Lake Mendota from 1995 to
2009 (0.052 mg L−1), we obtained a weight to weight ratio of P
removed to Ca2+ of 0.00057 (95% CI =  0.00032). With this
ratio, we estimate that it would require ~ 11,000 t of Ca to precipitate ~ 6.7 t of P (95% CI = 7900–27,000 t of Ca), the total
mass of the P decline in the surface waters of Lake Mendota
since 2010 (0.034 mg L−1 scaled up to the top 5 m of the entire
lake). Even if all of the Ca2+ in Lake Mendota were to form calcite, the amount of Ca2+ necessary to account for the entire
decline in P would correspond to ambient conditions of
~ 23 mg Ca2+/L, nearly as large as ambient Ca2+ concentrations
(33 mg L−1). Alternatively, a 1 mm layer (roughly the thickness

Fig. 8. Seasonal changes in DRP concentrations in mg L−1 (a) and SIcalcite
(b) in the surface waters of Lake Mendota. Mean seasonal trends (GAM of
DRP ﬁtted to a cyclic, factor smoothed function of day of the year by preand post-2010 time periods) are included for DRP.

still limits the capacity for iron to coprecipitate with phosphate
and bury P in the sediment of the lake, this could suggest a
changing role of iron in the P-cycle of Lake Mendota that
should be investigated further.
The onset of periodic whiting events identiﬁed in this
study represents a shift in calcite sedimentation in Lake Mendota that has occurred since ca. 1980. Given the importance
of calcite sedimentation for P cycling in lakes (Otsuki and
Wetzel 1972; Murphy et al. 1983; Hamilton et al. 2009), we
explore the potential of calcite whiting to deplete phosphate
in the lake’s surface waters. Danen-Louwerse et al. (1995) compiled data from laboratory studies of CaCO3-PO4 coprecipitation kinetics from several lakes and found that sedimentation
rates of phosphate (as mg P g−1 Ca) were ﬁtted as 10.9 x [P]0.5.
In lakes, sedimentation of calcite can also result in the
removal of organic P (by binding of dissolved organic matter
S44

Walsh et al.

Coupled approach reveals novel control

are much greater than the 6.7 t decline in surface water DRP.
Additionally, changes in the composition or source of watershed P loading (i.e., particulate or dissolved external P; Motew
et al. 2017), the large diatom bloom in 2010 and other food
web dynamics since 2010 likely play a prominent role in
recent P decline. As such, our ﬁndings provide a potentially
important agenda for future research in Lake Mendota with
implications for eutrophic lakes globally.

of the calcite whiting bands in our sediment core) of calcite
across the bottom area of Lake Mendota at depths greater than
5 m (2870 ha, roughly corresponding to the estimated depositional area of the lake based on lake fetch and slope; Rowan
et al. 1992) would account for ~ 31,000 t of Ca2+ (coprecipitating a potential 17 t P using our empirical relationship; 95%
CI = 7.6–27 t of P), more than the necessary Ca2+ to account
for the decline in P. Interestingly, the relationship we found
from the lake studies (Supporting Information) was much lower
than that from the laboratory studies compiled in DanenLouwerse et al. (1995), suggesting some inhibition of coprecipitation was occurring (Supporting Information Fig. S1).
To put this in context, we calculate the P accounted for in various biomass pools in the Lake Mendota food web which have
also changed since 2010. For example, total phytoplankton and
zooplankton biomass in Lake Mendota from 2010 to 2014 have
increased by 1.8 and 0.13 mg L−1 over the 1995–2009 mean,
respectively, while pelagic ﬁsh biomass increased by 0.132 kg
ha−1 over the 2005–2009 mean (pelagic biomass data is available
from 2005 to present; Magnuson et al. 2010e, 2012). Assuming
%P by weight of 1% for phytoplankton and zooplankton and
4% for ﬁshes (Sterner et al. 2002), the change in each of those P
pools account for an additional 3.7, 0.26, and 0.02 t of P, respectively, or 4.0 t total of the 6.7 t decline in P in the surface waters
of Lake Mendota. Also, particulate phosphorus concentrations in
the surface waters have not changed much since 2010 (mean
annual TP minus mean annual DRP = 0.031 mg L−1 from 1995
to 2009 and 0.034 mg L−1 from 2010 to 2014; Fig. 7), suggesting
that the increase in the phytoplankton P pool is not accounted
for in changes in particulate P. Unsurprisingly, the decline in P
in the surface waters of Lake Mendota cannot be fully accounted
for by changes in P pools in the lake’s food web.
P ﬂuxes in Lake Mendota (e.g., sedimentation rates of
organic matter) have also changed since 2010 and likely play a
major role in recent changes in P cycling in the lake. Organic
sediment accumulation rates have increased from an average of
16.1 mg cm−2 yr−1 over core layers dated between 1995 and
2009 to 17.7 mg cm−2 yr−1 over core layers dated between
2010 and 2014 (Fig. 4; note that date estimates are within
 4 yr 95% CI for this range of the core). This relatively small
increase in organic sediment accumulation could account for
burial of an additional 4.6 t of P in the depositional zone of
Lake Mendota each year or an additional 23 t from 2010 to
2014 (assuming 1% P content of organic matter).
This brief and coarse analysis is not a full representation of
all pathways of P storage and sedimentation in Lake Mendota,
but already indicates that additional research should address
recent P decline in the surface waters with a more detailed P
cycling budget. In particular, each of the factors analyzed here
(P pools, P sedimentation in organic matter, and calcite sedimentation) could account for more P storage and burial than
observed in the recent P decline in the surface waters of the
lake: an increase of 4 t in P pools, 4.6 t yr−1 in organic matter
sedimentation, or 17 t of P in a single calcite whiting event

Conclusions
We analyzed Lake Mendota’s sedimentary and long-term
monitoring record to reexamine the history of this site in the
context of recent water quality remediation efforts. We found
that, beginning in the early 1980s, sedimentation in the lake
shifted toward a new and historically unique state that is characterized by periodic whiting events. This recent shift toward
increased calcite precipitation represents a potentially important mechanism of P removal from the water column. As calcite
precipitation has important implications for water quality in
calcareous eutrophic lakes, this work highlights an important
new ﬁeld of research in Lake Mendota and, potentially, other
eutrophic lakes. While our study examines shifts in water quality over the past two centuries, we note that recent species
invasions (e.g., zebra mussel invasion in 2015), efforts to reduce
agricultural nonpoint source pollution, and projected changes
in climate (e.g., increased extreme rain events) ensure that Lake
Mendota will continue to be dynamic (Carpenter et al. 2017),
which is reﬂective of the challenges facing eutrophic lakes globally. Our study demonstrates that coupling two approaches in
limnological research—long-term monitoring and sedimentary
records—not only helps to characterize historical changes in
lakes but also provides a powerful means to identify important
controls on water quality.
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