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ABSTRACT: Lake Erie’s central basin experiences seasonal
anoxia, contributing to internal sediment phosphorus (P) loading
and exacerbating eutrophication. The precise conditions required
for internal loading are poorly understood. This study constrains
the timing and rates of internal P loading using continuous in situ
temperature, dissolved oxygen (DO), and soluble reactive P (SRP)
observations from two sites. SRP concentrations remained low
during normoxia (>2 mg of DO L−1) and hypoxia (0−2 mg of DO
L−1) but increased abruptly after anoxia for 12−42 h. SRP flux rate
estimations varied, likely due to advection and hypolimnion
thickness variation, but could still be reasonably quantified. Flux
rates and standard errors during anoxia averaged 25.67 ± 5.5 mg
m−2 day−1 at the shallower site and 11.42 ± 2.6 mg m−2 day−1 at the deeper site. At the shallower site, the anoxic hypolimnion was
displaced with normoxic water, causing cessation of P flux until anoxia returned, and higher flux rates resumed immediately (89.1 ±
8.6 mg m−2 day−1), suggesting rapid, redox-controlled P desorption from surface sediments. On the basis of our rate and onset
findings, the expected anoxic area and duration in the basin could yield an annual internal SRP load comparable to the annual central
basin TP tributary load of 10000−11000 metric tonnes.
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■ INTRODUCTION

Lake Erie is an important and irreplaceable natural resource for
its surrounding communities. It provides cities with drinking
water, contains vital fisheries for the region, supports the
economy, and supplies communities with a source of
recreational activities throughout the year. Lake Erie has a
history of environmental degradation, and past point source
pollutants, including industrial and wastewater discharge,
initially led to eutrophication throughout the lake.1,2 Persistent
symptoms of eutrophication include harmful algal blooms
(HABs) in the western basin of Lake Erie and seasonal hypoxia
in the central basin. Environmental regulations such as the
Clean Water Act and the binational Great Lakes Water Quality
Agreement (first signed in 1972) forced the management of
point source pollution of excess phosphorus (P), and for a
time, the ecological consequences of pollution abated or were
much diminished.3,4 However, despite the management of
point source nutrient pollution from Lake Erie’s watershed,
both HABs and hypoxia have re-emerged as problems since the
1990s.2 More recently, attention has been directed at non-
point source pollution, such as P inputs from agriculture and
land development. Another source of non-point nutrient
loading that is often overlooked is internal phosphorus loading

from the lake itself. P associated with settling organic matter
accumulates in lake sediment over time.5 Some of this
accumulated P can be released from the sediments to the
water during seasonal anoxia, representing an important
component of the lake’s P budget.6,7 Internal sediment P
loading has been cited as a challenge for achieving long-term
removal and P management in lakes,8,9 including Lake
Erie.10−12 While the literature suggests that internal loading
of P due to hypoxia contributes to eutrophication and HABs in
Lake Erie,13,14 the need to understand the biogeochemical
conditions that lead to internal P loading remains.
Seasonal hypoxia in Lake Erie’s central basin results from a

thin hypolimnion (<5 m),15,16 and consumption of oxygen at
the sediment−water interface as organic matter is remineral-
ized.17−19 The development of seasonal hypoxia impacts redox
conditions and leads to P release, magnifying the importance of
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internal P loading.20 Under oxic conditions, iron(III) oxy-
hydroxides are powerful sorbents of inorganic phosphorus,21

but when dissolved oxygen is depleted, microbes respire these
oxides and convert them to a soluble redox state, Fe(II), which
no longer sorbs inorganic P.22,23 This biogeochemical process
results in internal P flux, which then comes out of the
sediments according to Fickian diffusion principles.14 P
released during internal loading can potentially lead to greater
inputs of organic matter production and flux to the sediments,
which in turn accelerates oxygen consumption in the
hypolimnion. This feedback mechanism, known as “accelerated
eutrophication”, has been suggested for various water bodies

from the Baltic Sea25 to smaller freshwater−water bodies
around the world.14,24

Despite the importance of internal P loading to Lake Erie,
estimates to quantify this process in the lake are based mostly
on laboratory experiments whose ability to represent in situ
processes is unclear. Previous studies using sediment core
incubations under controlled anoxia, pore water concentration
profiles, and other methods to estimate P flux reported average
flux rates around 6−8 mg m−2 day−1.11,13 Recent sediment core
experiments by Anderson computed anoxic flux rates of 5.4−
27.6 mg m−2 day−1.26 In addition to constraining the rate of P
flux under anoxia, we also need to understand whether P flux
begins immediately upon anoxia or exhibits delayed onset.

Figure 1. (A) Map of Lake Erie showing mooring stations CB2 and CB4 in Lake Erie’s central basin. Heat maps of temperature by depth and date
for (B) CB2 and (C) CB4, from May to October 2019, with white horizontal lines indicating sensor placement. Charts were vertically interpolated
using depth and temperature data from station moorings.
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Several previous lake sediment core studies acknowledge that P
flux occurs mainly under anaerobic or anoxic conditions but do
not quantify the conditions required for flux onset.27−29

Anderson showed that P flux from the sediment does not begin
until the overlying water becomes completely anoxic and may
exhibit a lag of ≤24 h.26 The observation that P flux begins
shortly after the onset of anoxia is critical for estimating the
length of time and area of the lake over which internal loading
occurs.
The factors affecting internal P loading in Lake Erie are

temporally and spatially dynamic, making estimation of site-
specific internal P loading challenging. Both modeling
forecasts30 and survey work31 have shown that the spatial
extent and timing of hypoxia and anoxia are highly dynamic in
Lake Erie. The result of this dynamic formation of hypoxia and
anoxia is that sediments may undergo repeated switching
between normoxic and hypoxic conditions and that nearshore
areas of the central basin become anoxic before the offshore
stations most commonly used to track long-term trends in
hypoxia.32 Previous work has shown that the return of
normoxic conditions results in rapid sorption of P back to
the sediments, and experiments suggest that positive flux
resumes rapidly once anoxia is re-established.33,26 The
hypolimnion of Lake Erie is not static, and hydrodynamic
movements can disrupt water column stratification, contribu-
ting to the transient nature of anoxia and making it more
difficult to quantify internal P loading. Measurements of
hypolimnetic soluble reactive P (SRP) from discrete
cruises34,35 confirm that P accumulates within the hypolimnion
after anoxia, but the exact onset and flux rate during anoxia are
difficult to resolve at a specific location with discrete
measurements at intervals of weeks or longer. Lastly, once P
diffuses into the water column, it can be assimilated
biologically, adsorbed abiotically, and diffused across the
thermocline, making it difficult to measure the amount of P
that has been released over a given duration at a specific
location. These challenges show why net P fluxes are difficult
to constrain in large lakes and underscore the need for novel
techniques to measure the onset and rate of P flux under in situ
conditions.
Recent advancements in in situ phosphorus analyzers have

presented novel sensing techniques and analytical protocols for
characterizing P flux at the sediment−water interface.36 For
example, Zorn37 demonstrated the ability of these analyzers to
quantify hypolimnetic P concentration increases between
stratification turnover events in Green Bay of Lake Michigan
and related these patterns with observed hypolimnetic
dissolved oxygen consumption. The study presented here
builds upon these previous approaches by using continuous in
situ monitoring to measure the rates and timing of sediment
phosphorus flux at two study sites in Lake Erie’s central basin.
The application of this novel in situ sensing technology is used
here to pinpoint the onset and rate of internal P flux as well as
constrain the period of known P flux to anoxic periods. To
accomplish these objectives, time series data were collected
and analyzed to evaluate SRP flux rates and timing relative to
the hypolimnion thickness, DO concentration, and bottom
temperature. This study complements and compares results
from a parallel study using short-term (5−8 day) sediment
core experiment performed at the same sites and time
periods.26

■ METHODS

This study involved deploying two WETLab HydroCycle PO4
instruments (SeaBird Scientific, SAS-541861)38 in Lake Erie’s
central basin near existing instrumented moorings (stations
CB2 and CB4). These instruments are wet chemical sensors
engineered for unattended long-term environmental monitor-
ing, while maintaining the required level of sensing frequency
and precision for valid, scientifically defensible results. The
instrument’s stated detection limit is 2.3 μg L−1 with a
calibrated measurement range of ≤300 μg of SRP L−1. The
onboard reagents and NIST traceable calibration standard are
stable for 5 months, which adequately covered our intended
deployment interval. The central basin is an ideal location for
this study as its offshore hypolimnetic waters undergo strong
seasonal stratification and are not likely to be affected by
tributary sediment inputs, frequent resuspension, or strong
mixing, which would affect the accuracy of internal P loading
estimates. Water column depths at CB2 and CB4 were 20.5
and 24 m, respectively. The nutrient analyzers were deployed
at CB2 on July 24, 2019, and at CB4 on July 25, 2019 (Figure
1), and moored to an anchor weight with the sampling intake
0.5 m above the sediment−water interface. The instruments
were programmed to measure SRP concentrations every 6 h
until being retrieved October 10, 2019, resulting in >300
measurements at each location over the deployment.
Comparison of daily analysis of the built-in NIST traceable
standard confirmed stability over the entire deployment.
Temperatures were recorded every 10 min at moorings

adjacent to the phosphate analyzer and used to produce water
column thermal profiles and estimate the depths of the top and
bottom of the metalimnion.39,40 The hypolimnion thickness
was calculated as the difference between the estimated bottom
of the metalimnion and the lake bottom. The metalimnion
depth was determined by the maximum temperature difference
within sequential 1 m depth intervals. The placement of the
lowest temperature sensor at both CB2 and CB4 was 0.5 m
above the lake bottom. Therefore, the minimum possible
hypolimnion thickness that could be resolved was 0.5 m. If the
bottom of the metalimnion was not found, the hypolimnion
thickness was assumed to be <0.5 m. In these cases, if the
difference between the surface and bottom temperatures was
<0.5 °C, the water column was considered fully mixed and the
hypolimnion thickness was reported to be 0 m.
In this paper, hypoxia is defined by the common definition

of <2 mg of DO L−1 and anoxia refers to 0 mg of DO L−1

conditions. The oxygen sensors (PME miniDOTLoggers) did
not register zero when dissolved oxygen was completely
absent. Therefore, a non-zero sensor concentration represent-
ing zero dissolved oxygen was determined on the basis of (1)
the reading of the sensors in a zero-oxygen bath prepared with
potassium metabisulfite and confirmed by Winkler titration
and (2) flat-line (unchanging at the hundredths place) DO in
situ readings after the onset of anoxia. The sensor readings
used to denote anoxia were 0.03 and 0.13 mg L−1 for the
sensors at CB2 and CB4, respectively.
The HydroCycle measures SRP using a modified version of

the ascorbic acid molybdenum blue reaction, detailed in ref 37.
Prior to deployment, the response accuracy and linearity of the
HydroCycles were analyzed in the lab via submersion in
approximately 180 L of deionized water. The instruments were
purged of bubbles and programmed to sample every 20 min.
The instruments were run for several hours to equilibrate, and
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then the concentration of PO4 in the drum was increased
sequentially to 0, 5, 10, 20, and 40 μg L−1 by additions of the
NIST-traceable phosphate standard (Hach Co., Loveland,
CO). At each concentration, the instruments sampled three
times. The corresponding reference samples were analyzed
with a Seal AA3 XY-2 autoanalyzer (Seal AA3 AutoAnalyzer
Manual) using method G-297-03 revision 5 (Multitest MT 19)
against standards generated from the NIST-traceable phos-
phate standard. The linear regressions of HydroCycle
concentration versus reference concentration for each instru-
ment showed underprediction by the HydroCycle. The
equations for the lines of best fit were y = 0.64x + 0.66 and
y = 0.68x + 0.66, and the R2 values were 0.996 and 0.999 for
the HydroCycle units for CB2 and CB4, respectively. There
was no significant difference in the slopes between the two
HydroCycle instruments (p < 0.05).
This calibration check was performed to confirm the

operational functionality of the instruments and ensure they
would respond in a linear relationship to increasing SRP
concentrations over the measured range. Reported in situ SRP
concentrations in this paper were not corrected to the
predeployment calibration; rather, they were reported from
the HydroCycle factory-set absorbance ratios. Data were not
corrected for this difference due to unknown matrix effects of
lake water on the reaction relative to deionized type 1 water.
To this latter point, it is assumed that any negative
concentrations reported by the instrument during the initial
period of deployment reflect this difference in calibration and
not a systematic error. It was assumed that the HydroCycle
measured representative, equilibrated hypolimnion SRP
concentrations that could be used to reliably estimate the
flux rate.
Phosphorus flux rates were calculated using time series of

SRP concentrations and estimated hypolimnion thickness. The

“lm” function in R (https://CRAN.R-project.org) was used to
create a linear model of SRP with respect to time and was
applied over a moving time window of 24 h. Flux estimates and
standard errors were derived from five sequential SRP
measurements, multiplied by the mean hypolimnion thickness
over that interval, and normalized per square meter to generate
rates in milligrams per square meter per day. The results were
reported at the middle time point of each sequential window.
The high frequency of sampling for both SRP and temperature
was necessary to ensure the accuracy of rate measurements
considering the long-term variability of hypolimnetic con-
ditions. When the estimated SRP concentration change was
negative or the confidence interval included zero, no flux rate
was reported. On the basis of observations of hypolimnion
thickness and temperature change, these intervals most likely
represented either normoxic periods, when no detectable flux
occurred, or rapid displacement or mixing of local
hypolimnetic water rather than an actual reversal in the
direction of the sediment P fluxes. For one measurement
interval at CB2, a P flux rate of >200 mg m−2 day−1 was
calculated but was not taken to accurately represent a P flux
rate. This extreme rate estimate coincided with compression
and expansion of the hypolimnion caused by vertical mixing
within the water column, which led to exaggerated
accumulated mass computations during this time increment.
The lag time in the onset of SRP flux was defined as the time

interval between the onset of anoxia and the first cumulative
SRP reading that exceeded three standard deviations from the
mean of the preceding cumulative measurements.

■ RESULTS AND DISCUSSION
Continuous temperature data from May to October 2019
reveal the development and progression of thermal strat-
ification at stations CB2 and CB4 (Figure 1). The hypolimnion

Figure 2. Station CB2 readings of (A) bottom temperature, (B) bottom dissolved oxygen, (C) hypolimnion thickness, (D) SRP concentration, and
(E) estimated phosphorus flux for the duration of the HydroCycle monitoring period. Colored phases are explained in the text. Representative
average flux estimates are shown in panel E. Error bars refer to the standard deviation of five sequential measurements.
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began forming in late June, and by August, a hypolimnion of
approximately 3 m was established (Figures 2 and 3). The
progression of the deepening thermocline was delayed by
several weeks at the deeper, more offshore station, CB4. After
thermal stratification occurred, the water columns remained
stratified throughout the deployment, with the exception of a
mixing event at CB2 beginning on October 3 and lasting
approximately 100 h. During this interval, the colder anoxic
hypolimnion was displaced by warmer oxygenated water,
shown in Figure 1 where 15 °C water reaches the lake bottom.
The beginning of another mixing event indicating a full
overturn can be seen just before monitoring ends on October
10. This event was not fully characterized by the monitoring
period but likely indicated the end of the seasonal stratification.
Time series data of bottom layer temperature, DO,

hypolimnion thickness, SRP concentration, and P flux data
for stations CB2 and CB4 are given in Figures 2 and 3,
respectively. Hypolimnetic conditions during the deployment
period can be characterized into phases on the basis of
dissolved oxygen and temperature data. The first phase (blue)
represents stable lake stratification with a normoxic hypo-
limnion that lasted between July 24 and August 4 at CB2 and
between July 25 and August 28 at CB4. The second phase
(yellow) denotes the period of hypoxia with DO concen-
trations between 0 and 2 mg L−1, which extended until August
23 at CB2 and until September 15 at CB4. During this second
phase, SRP concentrations remained low and sediment P flux
was not detectable. The third and longest phase (red)
represents the period of anoxia with DO concentrations at
zero, which lasted until October 3 at CB2 and until October 10
at CB4. SRP concentrations started to increase, and positive P
fluxes were observed within 0.5 day of the hypolimnion
reaching anoxia at CB2 and within 1.75 days of anoxia at CB4.

This flux onset is represented in the figures by the vertical red
line within the third phase.
A fourth phase (green) characterizing intermittent dis-

ruption of the hypolimnion occurred at only CB2 (Figure 2).
This phase was defined by a strong water column mixing event
beginning on October 3 when anoxic hypolimnion water was
replaced with normoxic water. The mixing event caused both
bottom temperature and DO levels (panels A and B,
respectively) to increase rapidly indicating a strong downwel-
ling event that produced a completely mixed water column.
Once normoxic conditions were established, there was a rapid
decline in SRP concentrations to levels measured prior to
anoxia, followed by a rapid buildup under SRP conditions once
anoxia was re-established after approximately 3 days.
The development of anoxia at station CB4 was slower and

occurred ∼24 days later than at CB2, reflecting a thicker
hypolimnion at the deeper CB4 and a corresponding greater
volume to surface area relationship that greatly affects oxygen
consumption rates. Specifically, the onset of anoxia occurred
on August 23 at 14:05 at CB2 and on September 15 at 20:05 at
CB4. Despite the four-week difference in the timing of anoxia
onset, the lag time from the onset of anoxia to the onset of
SRP flux was similar between stations. The SRP flux lag time
was 12 h at CB2 and 42 h at CB4. The high sampling
frequency by the HydroCycles (±6 h for the sampling interval)
provided relatively fine temporal resolution for these lag time
estimates and further corroborated the complementary
laboratory core incubation experiments indicating that flux
does not begin until after anoxia is fully established.26 In that
study, the anoxic lag time for P flux ranged from 0 to 28.6 h at
CB2 and from 1.1 to 10.7 h at CB4. The longer lag time
observed at CB4 in comparison to that of the sediment core
experiments could be due to the higher in situ water volume to

Figure 3. Station CB4 readings of (A) bottom temperature, (B) bottom dissolved oxygen, (C) hypolimnion thickness, (D) SRP concentration, and
(E) estimated phosphorus flux for the duration of the HydroCycle monitoring period. Colored phases are explained in the text. Representative
average flux estimates are shown in panel E. Error bars refer to the standard deviation of five sequential measurements.
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sediment area ratio that causes concentrations to increase more
slowly.
Panels E in Figures 2 and 3 show the average P flux rates

during the total period of anoxia were 25.7 ± 5.5 mg m−2 day−1

(range of 1.33−106 mg m−2 day−1) at CB2 and 11.4 ± 2.55 mg
m−2 day−1 (range of 0.79−40.1 mg m−2 day−1) at CB4. Due to
the variability in the hypolimnion volume, average anoxic flux
rates were computed for shorter representative date ranges
when the hypolimnion thickness was relatively stable and less
likely to influence rate estimates. At station CB2, the flux rate
average was 18.1 ± 8.9 mg m−2 day−1 from September 13 to 16
and 17.6 ± 4.4 mg m−2 day−1 from September 28 to October
2. At station CB4, the flux rate average was 10.6 ± 2.9 mg m−2

day−1 from September 19 to 25. These estimates are lower
than the overall average anoxic flux rates at the respective sites
due to the removal of exaggerated flux rates that occurred
during hypolimnetic volume fluctuations.
The parallel laboratory sediment core incubation study

computed average anoxic P flux rates of 14 mg m−2 day−1 with
a range of 5.4−27.6 mg m−2 day−1.26 This corroborates average
in situ flux rate measurements from both stations; however, the
mean in situ flux rate at CB2 is at the high end of the range
from the lab experiments. Previous studies reported anoxic P
flux rates of 7.6−8 mg m−2 day−1 from central basin sediment
and in situ hypolimnion measurements13 and 6.56 ± 6.05 mg
m−2 day−1 from western basin sediment cores.11 Gibbons and
Bridgeman reported a range of 0.52−5.96 mg m−2 day−1 for
western basin sediment cores incubated at 10 °C.12 The study
of in situ flux rates presented here generally corroborates these
previous estimates; however, they incorporate a wider range of
rates due to the unique monitoring approach of observing flux
over the entirety of the season as the water column undergoes
changes in DO conditions and hypolimnion thickness.
Outside of these stable periods, flux rates changed rapidly in

response to DO concentration during the fourth phase at CB2
(Figure 2) when a mixing event replaced the hypolimnion with
normoxic water. The SRP concentration and P flux rates
(panels D and E, respectively) initially dropped rapidly until
DO levels in the replacement water were depleted to anoxia
approximately 100 h after the initial disruption. Within hours
of anoxia being re-established, SRP concentrations increased
with flux rates ≤3 times faster than previously observed at this
site, peaking around October 6 and averaging 89.1 ± 8.6 mg
m−2 day−1 (range of 18.4−137.8 mg m−2 day−1), which was 3
and 7 times greater than the average anoxic flux rates at CB2
and CB4, respectively.
While the flux rates observed immediately after the return of

anoxia were high, it can be argued that they are feasible and
can be explained by a simple mechanism. Specifically, if
oxygenated water caused the surface sediments to trap SRP
originating from diagenesis and diffusion occurring in lower
layers, the return of a low redox potential should have resulted
in rapid desorption of P from iron oxides and a high apparent
flux rate. To explore whether this mechanism is feasible, we
calculated the mass of SRP that would have been released from
sediments if they had remained anoxic during the 5 day
normoxic mixing event and 2.75 days following the event. If
this calculated mass of SRP (205 mg m−2) were released
during the 2.75 days following the event, it would produce an
expected flux rate of 75 mg m−2 day−1, which compares
favorably with the observed average flux rate during that
interval (89.1 ± 8.6 mg m−2 day−1). Additionally, high velocity
bottom currents have the potential to cause surface erosion or

pore water pumping, increasing SRP release rates under
renewed anoxia by exposing subsurface P and encouraging flux.
While the hypolimnion was not completely disrupted at CB4
during this mixing event, there was still a noticeable
perturbation that interrupted the linear buildup of SRP and
produced considerable variation in the flux measurements due
to mixing across the thermocline or within the thin
hypolimnion.
Laboratory experiments showed a similar phenomenon

during reaeration of anoxic cores,26 suggesting that release of
SRP ends abruptly when overlying water is oxygenated.

■ CONCLUSION
This study’s high-frequency sampling showed that positive P
flux requires anoxia and begins after a lag time of 12−42 h,
meaning there is a portion of time where flux does not occur
when it was previously assumed (e.g., during hypoxia). We
estimated the magnitude of seasonal basin-wide internal P
loading using published estimates for the area of the basin that
contributes to internal loading (6435−9000 km2)30,32,41 and
anoxic hypolimnion exposure timing observed at these two
moorings (30 and 50 days). While any such calculation of
internal loading is dependent on knowing the area and
duration, both of which are poorly constrained by direct
observations in situ, we present this to illustrate the potential
magnitude based on our findings. Using the mean anoxic flux
rates from both stations (11.42 and 25.67 mg m−2 day−1) and
observed anoxic duration, low and high annual internal central
basin P loading estimates are 2056−11551 metric tonnes (t) as
SRP. The high end of this range equals the approximate
external TP loading input from rivers and tributaries,
approximately 10000−11000 t annually.10 Moreover, SRP
from internal loading is immediately bioavailable, which would
make this contribution much more impactful in terms of
exacerbating eutrophication. Environmental managers tasked
with tributary load reduction must take internal loading
estimates into account when determining how to balance the
total P load. Historical and persistent sediment P loading
represents a delayed lake response to eutrophication and
prevents the successful management of a system when only
external P loading is considered.8 Under the GLWQA, the
tributary loading reductions recommended for Lake Erie were
developed to meet multiple water quality objectives that
include minimizing hypoxia in the central basin. It is difficult to
predict how quickly the extent of anoxia in the central basin,
and thus internal loading, will respond to decreases in tributary
loading. However, due to the potential for internal loading to
cause positive feedback impacts on primary production and
hypoxia,4 it will be important to document changes in internal
loading that occur as tributary loads are decreased. This could
be achieved by the increased frequency of shipboard collection
of samples before, during, and after seasonal stratification, but
this study shows the potential for describing this progress at
greater temporal resolution using autonomous, continuous
monitoring instrumentation.
Continued monitoring will be particularly important as

climate change lengthens the duration of stratification,42

leading to increasingly longer periods of hypolimnion anoxia
and higher average P flux rates.12 Future modeling work
supported by additional monitoring of hypoxia could use these
findings to track interannual loading variability and better
constrain the importance of internal loading to this regionally
important freshwater resource.
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