
1. Introduction
Phosphorus (P) mobility is one of the most important water quality drivers in freshwater lakes because P is essen-
tial for growth of all biota. High nutrient loading, however, often results in eutrophication by causing elevated 
phytoplankton biomass, oxygen depletion, and amplification of ecosystem processes (Birk et al., 2020; Heisler 
et al., 2008; Paerl et al., 2020). Human activities have dramatically increased the rate of nutrient pollution world-
wide through waste disposal, stormwater runoff, agriculture, and atmospheric inputs (Glibert,  2020). Thus, 

Abstract Water quality improvements in shallow eutrophic lakes are commonly delayed due to loading 
from legacy phosphorus (P)-enriched sediments, even with reduced external nutrient loads. It is critical to 
understand the drivers of internal P loading to suppress or remove this source of P and meet water quality goals. 
We contrast the drivers of internal P loading in two shallow eutrophic systems (Lake Carmi and Missisquoi 
Bay). Legacy P dynamics in the unmanipulated systems were compared to Lake Carmi during aeration. 
In-situ high frequency water column monitoring along with water and sediment sampling was used to study 
P dynamics in response to changing lake conditions and aeration. Despite both systems exhibiting P mobility 
controlled by iron redox cycling, we observed distinct differences in the spatial extent and drivers of internal 
P loading. Legacy P loading was controlled by seasonal drivers in Lake Carmi, but by spatially variable and 
highly transient wind driven forcing of hydrodynamics in Missisquoi Bay. Aeration altered the mixing regime 
of Lake Carmi and shifted loading dynamics to frequent wind-driven pulses of legacy P to surface waters akin 
to those of Missisquoi Bay. Mean hypolimnetic dissolved oxygen increased with aeration, but greater oxygen 
demand rates and periods of anoxia under transient stratification still resulted in internal P loading. Surface 
P concentrations were higher in summer months with aeration compared to previous years. This research 
illustrates the dynamic nature of legacy P behavior within and between shallow eutrophic lakes and the 
challenges in addressing this common water resources threat.

Plain Language Summary Shallow lakes with high amounts of nutrients like phosphorus often 
experience worsening water quality and harmful algae blooms. Even if less phosphorus enters the lake from the 
watershed, phosphorus already in the lake can cycle between the water and sediment for decades. It is important 
to understand how phosphorus moves within lakes to make management decisions. We studied what causes the 
release of phosphorus from sediment in Lake Carmi and Missisquoi Bay, Lake Champlain. These observations 
were compared to Lake Carmi during 4 years of whole-lake aeration designed to limit phosphorus release. We 
found that the release of phosphorus at both study sites was tied to chemical reactions of iron. The timing of 
this release was controlled by seasonal changes in Lake Carmi before aeration, and by frequent wind-driven 
mixing in Missisquoi Bay. Aeration changed the timing of mixing in Lake Carmi but did not decrease the 
amount of phosphorus recycled from the sediment. Aeration also increased the rate of oxygen consumption 
in Lake Carmi which quickly led to phosphorus release during periods of calm wind. This research shows the 
highly dynamic nature of phosphorus behavior within shallow lakes which is important to understand when 
making management decisions.
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anthropogenic eutrophication is the one of the most ubiquitous global water quality problems that societies have 
struggled to address (Schindler, 2012).

Targeted efforts to suppress P inputs into lakes have sometimes been successful, but improvements in lake condi-
tions are often reduced or delayed due to a positive feedback loop of internal P loading, which recycles soluble 
P from lake sediments into the water column (Jeppesen et al., 2005; Marsden, 1989). The historical buildup of P 
in lake sediments (legacy P) represents a large nutrient pool which can significantly increase the time required 
for water quality improvements after external nutrient inputs like agricultural runoff are reduced by watershed 
management efforts. Legacy P contributes to initiating and sustaining cyanobacteria blooms in shallow polymic-
tic systems where it can be transported to the photic zone through frequent water column mixing and sediment 
resuspension (Giles et al., 2016; Håkanson, 2004; Sondergaard et al., 2001). Certain cyanobacteria can also initi-
ate growth at the sediment water interface (SWI), and legacy P released from the sediment supports this growth 
without the need for mixing (Carey et al., 2009; Cottingham et al., 2015). Internal P loading is a larger problem 
in shallow systems where frequent mixing or early fall turnover makes those nutrients available during more 
favorable light and temperature conditions for cyanobacteria blooms in temperate climate zones.

A variety of interrelated chemical, biological and physical processes control the exchange of P between lake 
sediments and the water column (Boström et al., 1988; Wetzel, 2001). P can be remobilized through the desorp-
tion of orthophosphate bound to particles in the sediment, dissolution of P containing minerals, mineralization 
of organic matter during oxygenated conditions, or ligand exchange including phosphate-hydroxide ion exchange 
(Giles et al., 2015; Orihel et al., 2017; Søndergaard et al., 2003). Redox-driven Fe cycling is a dominant mech-
anism of P sequestration and release from sediments in many shallow eutrophic lakes, but other geochemical 
drivers have been found to play an important role in P cycling in some systems including pH, alkalinity, iron 
mineral speciation, remineralization of organics, and nitrate or sulfate concentrations (Giles et al., 2016; Katsev 
et al., 2006; Smith et al., 2011; Wetzel, 2001).

Internal P loading from the release of phosphate adsorbed to redox-sensitive Fe minerals in the surface sediment 
under reducing conditions has been identified as a significant source of nutrients in many shallow eutrophic 
lakes (Giles et  al.,  2016; Mortimer,  1941; Petticrew & Arocena,  2001; Søndergaard et  al.,  2013; Tammeorg 
et al., 2020). Reducing conditions are common at the SWI due to anoxia that develops in the hypolimnion when 
lakes thermally stratify in the summer. The severity and duration of hypolimnetic anoxia varies between lakes due 
to many factors including morphometry, climate, and trophic status (Snortheim et al., 2017; Trolle et al., 2011). 
Oxygen is consumed by the decomposition of organic matter at the sediment surface and by the chemical oxida-
tion of reduced compounds in the sediment (Beutel et al., 2007; Bowman & Delfino, 1980; Müller et al., 2012). 
Hypolimnetic oxygen demand depends on a lake's productivity, hypolimnetic depth, dissolved oxygen (DO) 
concentration overlying the SWI, and oxygen diffusion rates at the SWI (Müller et al., 2012). The oxygen deple-
tion rate (ODR) can vary from low (<0.01 mg/L/day) to rapid rates of depletion (>2 mg/L/day) (Burns, 1995; 
Rhodes et al., 2017).

Low DO at the SWI can cause the reductive dissolution of iron oxide minerals that commonly immobilize P in 
sediment (Orihel et al., 2017; Schroth et al., 2015). During this process, phosphate is released into sediment pore 
water where it can be incorporated into various mineral phases or enter the bottom water through diffusion or 
advection (Pettersson, 1998; Wetzel, 2001).

Mitigating the effects of P pollution often requires internal P loading suppression in addition to reducing nutrient 
inputs from the watershed (Bormans et al., 2016; Jilbert et al., 2020). Studies show that as much as 40%–80% 
of total in-lake P in summer months can come from internal loading, disproportionately contributing to fluxes 
in summer months when warm, stable conditions favor cyanobacteria bloom development (James, 2017; Song 
et al., 2017; Steinman et al., 2009; Zia et al., 2022). It has been estimated that in some systems, P released from 
sediments can support up to 74% of phytoplankton P demand at times (Cowan & Boynton, 1996). Suppressing 
internal P loading from legacy P sources is therefore a critical component of mitigating cyanobacteria blooms 
in shallow eutrophic lakes. There are many available management options, and selecting the proper intervention 
relies on assessing a variety of physical and chemical factors within each lake as well as on accurately quantify-
ing internal P loading (Castelletti et al., 2010; Lürling & Mucci, 2020; Robertson & Diebel, 2020). Physical and 
chemical in-lake intervention methods have previously been implemented in eutrophic lakes to suppress inter-
nal P loading. These include water column aeration (artificial mixing or circulation), hypolimnetic withdrawal, 
chemical P inactivation (sediment-P binding), and sediment dredging (Cooke et al., 2016; Jilbert et al., 2020; 
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Wagner,  2017). Reaching in-lake P goals relies on understanding interrelated physical and biogeochemical 
processes, and how these processes are altered through lake restoration actions.

Our objective in this study was to assess the effects of both unmanipulated and manipulated dynamic water 
column conditions on internal P loading to help inform future management efforts that target this ubiquitous water 
pollution problem. We used a combination of high frequency in-situ monitoring and spatially and temporally 
targeted water and sediment sampling to quantify P mobility in a dimictic lake (Lake Carmi) before and during 
an aeration intervention, and in a shallow polymictic embayment (Missisquoi Bay) where legacy P suppression is 
being considered as a management strategy. This novel monitoring framework captured changes in water column 
dynamics and P mobility in response to aeration and weather conditions over short time scales. Our research 
questions centered around how the drivers of internal P loading differed between these two shallow systems, and 
how suppression methods could be used to target those specific drivers.

We hypothesized that differences in hydrodynamics control the spatial and temporal distribution of internal P 
loading events between Lake Carmi and Missisquoi Bay. Most of the internal P loading in Lake Carmi is expected 
to occur in the deep central trough associated with the dissolution of Fe species triggered by anoxia during 
seasonal stratification. Legacy P availability is then controlled by the timing of seasonal turnover which brings 
nutrients in the hypolimnion to the surface. Because of this, aeration during the summer and fall will promote 
water column mixing and maintain bottom water DO in the deepest segments of Lake Carmi, decoupling Fe and 
P behavior. In contrast to Lake Carmi, Missisquoi Bay is a polymictic system that does not experience sustained 
hypolimnetic anoxia but does have significant internal loading during periods of transient stratification (Giles 
et al., 2016). We predicted that there are distinct hot spots of potentially labile legacy P in Missisquoi Bay driven 
by the co-location of zones of high sediment deposition in the deepest segments and frequent, albeit transient, 
anoxia that triggers most of the internal P loading within the bay. Legacy P is brought to the surface in pulses due 
to the shallow depth and frequent wind-driven mixing of the bay. This unique combination of high frequency, 
long term and geospatial data sets provides novel insight into the temporal and spatial dynamic nature of internal 
P loading in shallow systems and illustrates the complexities in heterogeneous and site-specific drivers of inter-
nal P loading that must be considered when assessing the capacity to suppress the release of legacy P from lake 
sediments.

2. Materials and Methods
2.1. Study Sites

Lake Carmi is a relatively shallow (4 m mean depth, 10 m maximum depth) dimictic eutrophic lake in Franklin, 
VT (Figure 1). It has a surface area of 5.7 km 2 and a watershed of 31.2 km 2, giving it a catchment to lake area 
ratio (AC:AL) of nearly 5.5 (VT ANR, 2008). Marsh Brook and several small tributaries flow into Lake Carmi 
which then drains into the Pike River to the northeast. Tilled/untilled farmland or agricultural pasture makes up 
21% of the watershed (VT DEC, 2020).

In 2008, when a total maximum daily load (TMDL) for Lake Carmi was developed, a target concentration of 
22 μg/L total phosphorus (TP) was issued relative to the annual average of 28 μg/L derived from long-term 
monitoring data (VT ANR, 2008). Mean TP has increased to ∼34 μg/L in the last decade (Schroth et al., 2021). 
Cyanobacteria blooms were first detected in 1976 and have worsened in recent decades. Lake Carmi was listed 
as an impaired water body under Section 303(d) of the Federal Clean Water Act in 2009 and was designated 
as Vermont's first Lake in Crisis in 2018 under Vermont Act 168 (VT DEC, 2020). In response, the State of 
Vermont issued a Lake Carmi Crisis Response Plan that targeted multiple P sources within the watershed with 
a goal of lowering concentrations within the lake. Agricultural land, developed land, wastewater sources, and 
internal P loading were areas targeted for P reductions. Land use and agricultural practices are a primary driver 
of long-term eutrophication trends in Lake Carmi, and internal loading of legacy sediment P is thought to be 
an important driver in the initiation of cyanobacteria blooms (VT ANR, 2008). In 2019, a whole-lake aeration 
system was installed to maintain oxygenated conditions throughout the lake and suppress the release of sediment 
bound P. A target threshold of 2.5 mg/L DO at a depth of 8 m was set by the VT DEC. The system consists of 
two compressors that force air through 80 diffuser disks located on the lake bottom (Figure 1) (VT DEC, 2020). 
The aeration system is managed by VT DEC, and our group did not manipulate the system design or timing of 
aeration during this study period.
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Missisquoi Bay is a shallow (2.8  m mean depth, 4  m maximum depth) polymictic eutrophic bay in the 
northeastern-most segment of Lake Champlain (Figure 1) located at the United States - Canada border. It has a 
surface area of 77.5 km 2 and a watershed of 3,105 km 2, giving it a high Ac:AL of 40 (Levine et al., 2012; U.S. 
EPA, 2016). Three main tributaries (the Missisquoi, Pike, and Rock Rivers) flow into Missisquoi Bay and it is 
connected to the main lake through a small outlet channel to the southwest that was further constricted by the 
construction of a causeway in 1937 (Mendelsohn et al., 1997). Land cover in the Missisquoi Bay watershed is 
largely forested or agricultural (62% and 25%–30% respectively) (Levine et al., 2012; Ostrofsky et al., 2020).

Eutrophication increased in the later twentieth century concurrent with agricultural intensification. Total 
P concentrations average 42 ± 15 μg/L, compared to the EPA TMDL target of 25 μg/L (Levine et al., 2012; 
Melendez-Pastor et al., 2019). Total P increased by 79% from 1980 to 2009, and cyanobacteria blooms have also 
increased over that time (Smeltzer et al., 2012). Paleolimnological records of phytoplankton pigments confirm 
the proliferation of cyanobacteria since the 1970's (Levine et al., 2012). In 2016, the TMDL for Lake Champlain 
established that P needed to be reduced by 33.7% for the whole lake and 64.3% in Missisquoi Bay specifically 
(U.S. EPA, 2016). Mass balance studies show that internal P loading accounts for as much as 20% of the annual 
total P input into Missisquoi Bay and can be anywhere from 50% to 300% of riverine P inputs during summer 
months (Isles et al., 2015; LimnoTech, 2012; Zia et al., 2022). This fraction can be even higher over short periods 
of intense internal loading during dry/calm conditions when external loads from runoff are relatively low.

2.2. Monitoring Framework

Beginning in 2018, Lake Carmi was monitored using a combination of high-frequency automated sensors and 
manual sampling. Sampling occurred in the deep (∼9.5 m) central trough that is the focus of aeration intervention 
which began in 2019. The location was chosen to be in proximity to the VT DEC long-term monitoring station 
in the central lake which allowed us leverage historical data for comparison to years before 2018. Water column 
monitoring equipment was deployed from 2018 through 2022 during the summer and fall. Sediment and bottom 

Figure 1. Missisquoi Bay and Lake Carmi along the Northern State of Vermont, U.S.—Canada border. The monitoring 
sites for this research are marked in red (circles). Vermont Department of Environmental Conservation (VT DEC) long term 
monitoring sites are marked in yellow (triangles). Bathymetric contour lines at intervals of 1 m are displayed for each study 
site. The central contour line denotes the depth of 4 m for Missisquoi Bay and the depth of 10 m for Lake Carmi. The inset 
diagram shows the aeration system installed in Lake Carmi in 2019 which is comprised of two compressors connected to 80 
diffuser discs on the lake bottom (Franklin Watershed Committee, 2019).
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water samples were collected in 2020 and 2021 spanning the active aeration period. In addition to our study 
data, we leverage VT DEC long-term monitoring data that were collected bi-weekly from several depths at three 
monitoring sites. The monitoring platform was visited every 2 weeks during deployment to collect samples and 
perform equipment maintenance which coincided with VT DEC sampling events. Data were collected through 
summer/fall aeration, and the equipment was removed in November, after the last VT DEC sampling event.

Similar monitoring equipment was deployed in Missisquoi Bay for this study in 2020 (July–November) and 2021 
(May–November) at a site that has been monitored by our research group at the University of Vermont since 2012 
(Giles et al., 2016; Isles et al., 2015). Sediment cores were taken in 2020 spanning the waters within the United 
States and along the U.S.-Canada border across a series of predetermined transects (Figure S1 in Supporting 
Information S1). Covid protocols prevented sediment core sampling in Canadian waters in 2020. Samples were 
collected from all transects of the bay in 2021. In addition to our study sites, there are two Lake Champlain Long-
term Water Quality and Biological Monitoring Program (LTMP) monitoring sites in Missisquoi Bay (Figure 1). 
Station 50 and 53 are located in southwest and central Missisquoi Bay respectively. These sites are monitored in 
partnership among the Lake Champlain Basin Program, the State University of New York at Plattsburgh, the New 
York Department of Environmental Conservation, VT DEC, and the EPA (Lake Champlain Long-Term Water 
Quality and Biological Monitoring Program, 2022).

2.3. Water Column Monitoring

Data collected from Missisquoi Bay and Lake Carmi were used to assess the conditions for legacy P distribution 
and internal loading. Since 2018, we have maintained a mooring at the Lake Carmi field site equipped with six 
in-situ water temperature and DO sensors. The sensors are located at approximately 0.15, 0.5, 2, 3, 5, and 7.5 m 
above the SWI. This vertical resolution in the deepest part of the lake allowed for monitoring of DO and tempera-
ture stratification within the water column. High-frequency (15 min) data were recorded on each sensor. Temper-
ature profiles from sensor data were used to calculate Schmidt water column stability (e.g., Giles et al., 2016; 
Read et al., 2011). Schmidt stability represents the work per unit area required to overcome the potential energy of 
stratification and thoroughly mix the water column (Idso, 1973; Schmidt, 1928). Estimated ODR were calculated 
based on data collected by the deepest DO sensor.

In 2020–2022, a monitoring platform was deployed at the Lake Carmi field site to further supplement long-term 
monitoring efforts. The platform housed an automated ISCO 3700 water sampler (2020–2021), YSI EXO 6 series 
sonde vertical profiling system, and Onset HOBO RX3000 meteorological station. The ISCO was programmed to 
collect daily water samples from ∼0.5 m above the SWI to capture P released from the sediment during internal 
loading. Samples were stored within the ISCO in 500 mL high density polyethylene bottles pre-acidified with 
sulfuric acid following established protocols (Isles et al., 2015). A blank (acidified deionized water) was placed 
in the ISCO during bi-weekly cycles and collected and analyzed along with lake water samples. Blank concentra-
tions of TP were always less than 10% of water sample concentrations collected by the ISCO.

The vertical profiling system consisted of a YSI multi-parameter water quality Sonde on an automated winch that 
moves throughout the water column to collect readings. High-frequency (hourly) data were collected at 0.5 m 
intervals between 0.5 m below the surface and approximately 0.5 m above the sediment. The sonde collected 
readings of water temperature, DO, pH, turbidity, conductivity, chlorophyll-a, phycocyanin, and sensor depth. 
The meteorological station housed on the platform measured air temperature, wind speed and direction, relative 
humidity, and solar radiation at 5-min intervals at 3 m above the surface water.

A similar platform was deployed in the southeast segment of Missisquoi Bay with a vertical profiler and meteoro-
logical station. The data collection protocol was the same for these instruments. The water depth at the Missisquoi 
Bay platform location is approximately 2.5 m. Bottom water samples were collected manually in Missisquoi Bay 
across several dates and locations to capture low DO events. Samples were taken at ∼0.5 m above the SWI using 
a manual/peristaltic pump. The samples were filtered through a 0.45 μm polyethersulfone filter into trace metal 
grade acid washed 15 mL vials and then acidified to 1% using concentrated trace metal grade nitric acid.

2.4. Sediment Core Collection

To monitor changing sediment P and related geochemical constituent inventories over time and in response to 
aeration, triplicate sediment cores were collected monthly from the central monitoring location in Lake Carmi 
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beginning in May (pre-aeration) through November (post-aeration) in 2020 and 2021. Previous research in 
Missisquoi Bay shows that the top centimeter of sediment has the largest flux of P due to redox conditions (Smith 
et al., 2011). Analysis of deeper sediment shows possible flux of P through the sediment profile. Samples were 
collected manually by gravity core, then stored on ice and shaded from sunlight to limit photochemical reactions 
until the core was sectioned (<1 hr from collection). Each core was sectioned (0–1 cm, 1–2 cm, 2–4 cm, 4–6 cm, 
and 6–10 cm intervals), and the respective sections from each core were homogenized. Sediment samples were 
then weighed and freeze-dried for analysis. Dry sediment bulk density (g/cm 3) was calculated for each sample 
split as dried sediment mass divided by wet sample volume (Dadey et al., 1992).

Sediment cores were collected across Missisquoi Bay to determine the spatial distribution of P and metals to 
assess intervention methods. Sites were chosen using a random number generator along predetermined tran-
sects across the bay in regions that were modeled to be exposed to low DO conditions at the SWI (Figure S1 in 
Supporting Information S1). Additional samples were taken from deep areas with predicted high P concentrations 
and exposure to anoxia. Two cores were collected at each location and sections (0–1 cm, 1–4 cm, and 4–10 cm) 
were homogenized and freeze dried. A total of 110 sediment cores were collected from Missisquoi Bay including 
duplicate samples at several locations.

2.5. Laboratory Analysis

Dried sediment samples were analyzed for both total and redox-sensitive P, Fe, and Mn through triplicate extrac-
tions. Redox sensitive P and metals were extracted using an ascorbate-citrate-bicarbonate solution described in 
previous research (Anschutz et al., 1998; Giles et al., 2016; Smith et al., 2011). The samples were then diluted 
with 1% HCl and analyzed by PerkinElmer Avio 200 inductively coupled plasma optical emission spectrom-
etry (ICP-OES). A separate aqua regia digestion was performed to test for total P and metals in the sediment 
samples (EPA method 3050B; U.S. EPA, 1996). Diluted samples were again analyzed by ICP-OES. Lake Carmi 
water samples were analyzed for total P and nitrogen (N) at the Vermont Agricultural and Environmental Lab 
in Randolph, VT, to maintain consistency with ongoing VT DEC nutrient monitoring methods in Lake Carmi. 
Missisquoi Bay water samples were analyzed for total dissolved P by SEAL AutoAnalyzer 3 HR, and for metals 
by ICP-OES.

2.6. Data Analysis

A paired T-test was used to evaluate the change in means between data collected from Lake Carmi before aeration 
to data collected during this study. A threshold of α = 0.05 was used to determine significant difference. R statis-
tical software was used to process the raw data collected from the profiling system and meteorological station. 
The rLakeAnalyzer package was used to estimate lake bathymetry, process time series data into heat plots of 
temperature and DO, and to calculate Schmidt stability of the water column from vertical temperature measure-
ments (Read et al., 2011). ODR was calculated as the change in hypolimnetic DO measured by the deepest sensor 
in each lake at the onset of stratification until DO was depleted or remixing occurred. The rate was calculated 
as the difference between DO concentration divided by the time between the two measurements (Burns, 1995; 
Lemmin, 2020; Rhodes et al., 2017).

The mapping software ArcGIS Pro was used to interpolate the sediment bulk density and the concentration of 
P and metals in Missisquoi Bay in between sampling sites. Spatially autocorrelated data can be modeled with 
a semivariogram which plots average dissimilarity of paired points against separation distance between those 
points. The semivariogram was then used as the underlying model to create a prediction surface (kriging) by 
taking a weighted average of known points (Isaaks & Srivastava, 1989; Olea, 2006).

Kriging methods have been used in previous studies to estimate sediment phosphorus concentrations (John 
et al., 2021; Puttonen et al., 2014). Empirical Bayesian Kriging (EBK) was chosen as the interpolation method for 
this study because parameters are assigned through a process of multiple simulations on data subsets to minimize 
error. New values are estimated successively at each input location and a new semivariogram is estimated from 
each set of simulated data. This process is repeated to obtain an average semivariogram from multiple results. 
EBK has been shown to model complex environmental data sets better than other kriging methods because it 
includes the uncertainty of the underlying semivariogram and can account for moderately nonstationary data 
(Krivoruchko & Gribov, 2019; Samsonova et al., 2017).
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Measured point values were mapped in ArcGIS Pro, and EBK analysis was run in the geostatistical analysis pack-
age for each sediment depth fraction. Prediction surface results were cross validated by successively excluding 
experimental points and comparing the known value with the interpolated value at that location. Results were 
generalized by calculating the root mean square error (RMSE) of interpolation:

RMSE =

√

∑𝑛𝑛

𝑖𝑖=1
(�̂�𝑧(𝑠𝑠𝑖𝑖) − 𝑧𝑧(𝑠𝑠𝑖𝑖))

2

𝑛𝑛

 (1)

where ẑ(si) is the interpolated value, z(si) is the measured value at point si, and n is the number of data points. 
The subscript i denotes the corresponding individual values of the paired measured and interpolated component.

The resulting estimation raster was clipped by the Missisquoi Bay border shapefile and binned to estimate the 
total area for each range of values. Sediment bulk density and P mass were also interpolated in this way. The 
resulting layers were further clipped by depth to remove shallow areas that are not predicted to experience low 
DO or contribute significantly to internal P loading.

3. Results
3.1. Sediment and Water Geochemistry

3.1.1. Lake Carmi

Sediment cores were collected from Lake Carmi in 2020 and 2021 during both mixed and stratified conditions at 
the sampling site (Figure 2). These samples had a mean TP concentration of 1.03 mg/g of dry sediment (range: 
0.89–1.17 mg/g). On average, redox sensitive P concentrations were 49.3% (0.50 mg/g) of TP in the top 10 cm. 
Redox sensitive P ranged from 0.40 to 0.62 mg/g. The top centimeter of sediment had an average concentration 
of 0.92 mg/g redox sensitive P and 1.39 mg/g TP. The concentration of TP and the proportion of redox sensitive 
P generally decreased with depth. This upper layer had the greatest change in concentration. The top 10 cm of 
sediment had an average dry sediment bulk density of 0.10 g/cm 3 which results in an average redox sensitive 
P mass of 5.15 g/m 2. There was a mean Fe:P of 20.3 by mass (Figure S2 in Supporting Information S1), and a 
positive correlation between TP and total Fe (r = 0.77, n = 17, p < 0.0001) and between redox sensitive P and Fe 
(r = 0.63, n = 17, p < 0.0001).

Figure 2. Lake Carmi 2020 and 2021 sediment data time series of (a) total phosphorus (TP) extracted by Aqua Regia 
digestion and (b) redox sensitive P obtained by ascorbate extraction per gram of dried sediment at each respective depth. 
Error bars represent the standard error of triplicate extractions.
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Total P in the water column exceeded the TMDL target of 22 μg/L during each study year (Figure 4a). The concen-
tration of TP in spring sampling by the VT DEC was 18.4 μg/L ± 0.9 (SE). High TP in the bottom water relative to 
the rest of the water column (2–9 times higher TP) was observed in July and August at the deepest monitoring station 
under stratified conditions. Reducible metals also increased in the bottom water during this time (Figures 3b and 3c). 
Concentrations of Mn and Fe in July 2018 were 40–50 times higher than in the spring or fall. There was a positive 
correlation between bottom water TP and both total dissolved Fe (r = 0.94, n = 89, p < 0.0001) and Mn (r = 0.80, 
n = 89, p < 0.0001). Surface TP increased through the summer following mixing of the water column and averaged 
49.7 μg/L ± 2.2 (SE) after fall turnover, well above the 22 μg/L TMDL target. The highest surface concentrations 
were recorded on 28 August 2017 (94 μg/L TP), 14 October 2020 (81 μg/L TP) and 29 August 2022 (83 μg/L TP).

3.1.2. Missisquoi Bay

Sediment bound P varied spatially across Missisquoi Bay. The mean TP in the top 10 cm across all sites was 
1.00 mg/g of dry sediment (range: 0.63–1.42 mg/g). Redox sensitive P varied in concentration from 0.13 to 
0.70 mg/g and was 38% of TP on average. Spatial interpolation shows that the highest concentrations were in 
the deeper waters of the western bay (north of the U.S.—Canada border), along the east of the bay, and near 
the southwestern outlet (Figure 4). Concentrations were lower in shallow areas such as the northwestern lobe, 
along the western shore, or the west side of the southeast lobe. The RMSE of interpolated P concentration was 
0.10. Sediment samples from Missisquoi Bay had a mean Fe:P of 44.43 (range: 26.27–60.41) by mass (Figure 
S3 in Supporting Information S1). There was a positive correlation between TP and total Fe (r = 0.92, n = 110, 
p < 0.0001) and between redox sensitive P and Fe (r = 0.88, n = 110, p < 0.0001) across all sites.

The mass of available P depends on the bulk density of sediment which also varies spatially in Missisquoi Bay. 
Dry sediment bulk density ranged from 0.30 to 0.73 g/cm 3 with an interpolation RMSE of 0.07 (Figure 5a). 

Figure 3. Lake Carmi water column samples by VT DEC showing (a) water column total phosphorus (TP) with the 22 μg/L 
total maximum daily load (TMDL) target shown as a dashed line, (b) surface and bottom Fe, and (c) surface and bottom Mn, 
all on a log10 scale. Aeration began in 2019. Fe and Mn data are not available before 2018 (gray shaded area).
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Figure 4. Measured redox sensitive P concentration in the upper 10 cm at sampling sites in Missisquoi Bay in Lake 
Champlain and the interpolated concentration surface. The gap in samples through the western channel is due to the presence 
of very coarse sediment that prevented core retrieval. See Figure 5b for depth contours.

Figure 5. Interpolated surface of the upper 10 cm of sediment in Missisquoi Bay in Lake Champlain. (a) Average sediment bulk density and (b) total redox sensitive P 
mass in the upper 10 cm by area. Bathymetry contours are shown for reference as dashed black lines for depths of 2, 3, and 4 m.
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Sediment density generally decreased toward the deeper central bay. Samples 
from shallow areas near shore had nearly twice the dry bulk density of those 
from the middle of the bay. The overlapping areas with high redox sensi-
tive P concentration and high bulk density had the highest P mass. Redox 
sensitive P mass in the top 10 cm ranged from 10 g/m 2 in the northern bay 
to 31 g/m 2 in the east/southeast and near the outlet of the bay with an inter-
polation RMSE of 4.6 g/m 2 (Figure 5b). The total redox sensitive P mass in 
Missisquoi Bay was calculated from the range of interpolated values and the 
area of each zone (Table S1 in Supporting Information S1). We estimated that 
there is between 76,000 and 84,000 kg of redox sensitive P in the top cm of 
sediment, and as much as 1,398,000 kg in the top 10 cm. Estimates of P mass 
are lower if the area is constrained by depth (Figure 5b).

Surface water TP in Missisquoi Bay averaged around 48 μg/L between 2017 
and 2020. Concentrations were typically elevated in the spring, and then 
dropped to 20–40 μg/L in May and June. TP increased in the summer and 
peaked in late August through early October (60–90  μg/L). TP was often 
nearly the same between the two LTMP monitoring stations in Missisquoi 
Bay, but sometimes varied by 10–20 μg/L on the same sampling day. The 
largest difference between the two sites was 23.4 μg/L on 9/03/21. Elevated 
P, Mn, and Fe were observed in the bottom water during anoxic events. 
Concentrations of Mn were up to 25 times higher at sites with low bottom 
DO compared sites with fully mixed conditions. TP was correlated both with 
both Fe (r = 0.84, n = 84, p < 0.0001) and Mn (r = 0.83, n = 84, p < 0.0001) 
in bottom water through this sampling.

3.2. Water Column Dynamics

3.2.1. Lake Carmi

Lake Carmi is a dimictic lake that, in the absence of aeration, fully mixes in 
the spring and fall, and thermally stratifies in winter and summer (Figure 6a). 
In 2018, Lake Carmi was stratified when sensors were deployed. VT DEC 
sampling shows a well-mixed water column on 14 May and stratified condi-
tions at their next sampling date on 31 May. It remained stratified until turn-
over in mid-September. The water column partially mixed down to 6 m in 
July and August, and down to 7  m in late August. The maximum bottom 
water temperature in 2018 was 22.85°C and occurred during fall turnover. 
The average difference in surface and bottom temperature was 4.50°C with a 
maximum difference of 11.50°C on 5 July. Bi-weekly sampling by VT DEC 
shows full mixing by mid to late September in 2016 and 2017 as well.

The aeration system was installed in 2019 and turned on after stratification had 
already developed. It was turned on in years 2020–2022 at the onset of stratifica-

tion and once bottom water temperature reached 4°C. There was downtime (parts failure, maintenance, overheating) 
of one or both compressors in 2019, 2020, and 2021. In 2022, the aeration system remained functional for the entire 
season. This made full analysis of the system performance difficult, but there were significant changes in the lake 
due to partial aeration. Mean summer bottom water temperature increased by 3.5°C (p < 0.0001) and water column 
stability was decreased by 75% (p < 0.0001) (Table 1). The water column was less stable during periods of active 
aeration (Figure 7). In 2018, Lake Carmi had a maximum and average Schmidt stability of 87 and 26.6 J/m 2 respec-
tively. Aeration lowered the maximum Schmidt stability of Lake Carmi slightly, and the average stability was reduced 
by two thirds over the entire monitoring period (Table S2 in Supporting Information S1).

Aeration changed the mixing regime of Lake Carmi from dimictic to polymictic. The thermal profile shows strat-
ified water temperature in 2018 until mid-September (Figure 6a). During aerated years, nearly uniform temper-
atures were observed multiple times in July and August, indicating mixing of the water column periodically 

Figure 6. (a) Thermal profiles of Lake Carmi derived from fixed chain 
temperature sensors in 2018–2022. Aeration began in Lake Carmi in 2019. 
(b) Thermal profiles of Missisquoi Bay derived from Sonde profiler data in 
2020 and 2021. Contour intervals at 0.5°C. White areas indicate no data due to 
sensor placement or failure.
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through the summer. There was a slow breakdown in stratification once the 
aerators were turned on that resulted in more frequent, although not contin-
uous, mixing over the summer. The maximum water temperature difference 
between surface and bottom water was smaller for each aerated season and 
occurred before aeration began instead of mid-summer. The average temper-
ature difference was 2–4 times smaller between 15 June and 15 Septem-
ber. Average bottom water temperature increased from around 17.6°C in 
2018 before fall turnover to 22.0°C in 2020 and 22.2°C in 2021 over the 
same period. Continuous mixing was not achieved in any of the study years, 
but there was a shift to a polymictic mixing regime with shorter periods of 
weaker stratification compared to the pre-aeration dimictic system.

The decrease in water column stability made Lake Carmi more prone to 
wind-driven mixing throughout the summer and fall. Between 2020 and 
2022 there were 96 wind events that resulted in partial mixing (defined as a 
50% reduction in water column stability), and 38 events that resulted in full 
mixing of the water column following stratification (Figure S4 in Support-
ing Information S1). About 85% of those events were during aeration. Of 
the mixing events when aeration was off, all but one partial mixing event 
(25 June 2021, windspeed 5.5 m/s) occurred in the early spring or late fall 
when water column stability is naturally low. Windspeed was not measured 

in 2018, however water column stability data show that there were 11 partial mixing events, all after 8 September. 
There were three full mixing events after 21 September 2018. There were no partial or full mixing events during 
the summer months in 2018 when internal P loading was observed.

3.2.2. Missisquoi Bay

Missisquoi Bay experienced brief periods of spatially heterogeneous stratification and anoxia mostly in August 
and September (Figure 6b). Bottom water temperature reached a maximum of 26.29–28.85°C over the study 
period. The average difference in surface and bottom temperature was 0.37°C with a maximum difference of 
7.83°C. This small temperature difference and shallow depth results in a relatively unstable water column. In 
2018–2021, Missisquoi Bay had a maximum and average Schmidt stability of 16 and 0.95  J/m 2 respectively 
(Table S2 in Supporting Information S1). During the study period in 2020 and 2021 there were over 1,000 partial 
mixing events and 606 full mixing events (Figure S5 in Supporting Information S1).

3.3. Dissolved Oxygen

3.3.1. Lake Carmi

DO responded to the shift in mixing dynamics. Mean summer bottom water DO increased by over 3.5 mg/L 
(p < 0.0001) (Table 1). In Lake Carmi there were over 92.6 cumulative days of bottom DO below 1 mg/L in 
2018 before aeration (half meter above SWI). The hypolimnion was already anoxic at the time of sensor deploy-
ment and it remained so until turnover in September (Figure 8). VT DEC data show low DO at a depth of 8 m 

Pre-aeration 
summer mean 
(2016–2018)

Aerated 
summer mean 
(2019–2022)

t-test 
p-value

Bottom DO (mg/L) 0.77 3.96 <0.0001

Bottom Temp (°C) 18.30 21.81 <0.0001

Schmidt Stability (J/m 2) 40.09 9.37 <0.0001

Surface TP (µg/L) 37.09 47.00 0.0204

Bottom TP (µg/L) 71.86 47.12 0.0454

Bottom Fe (µg/L) 569.64 99.34 0.0005

Bottom Mn (µg/L) 787.44 113.34 <0.0001

Note. Data was collected by the Vermont Department of Environmental 
Conservation pre-aeration (n = 22) and during four aerated years (n = 37). 
T-test values represent the comparison of mean values between these two 
periods.

Table 1 
July Through September Mean Values of Water Quality Metrics for Lake 
Carmi

Figure 7. (a) Water column stability of Lake Carmi calculated as Schmidt stability (J/m 2). The stability during active 
aeration is plotted in red. The black line represents the natural system or periods when aeration was off. (b) Schmidt stability 
of Missisquoi Bay in 2021 included for comparison. Only 1 year is shown for Missisquoi Bay which had similar mean and 
maximum Schmidt stability during each study year.
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(2.35 mg/L) under stratified conditions on 31 May 2018. In the years with aeration, average bottom DO was above 
the 2.5 mg/L target established by the VT DEC. Low bottom DO was more intermittent but did still persist for 
significant periods. There were 57, 57.7, and 46.5 cumulative days where bottom DO fell below 1 mg/L in 2019, 
2020, and 2022 respectively. The bottom-most fixed sensor failed in 2021, but the duration of low DO was nearly 
the same at 1 m above the SWI compared to 2019 and 2020. The layer of anoxia was also generally shallower with 
aeration. It reached a depth of 6 m for several days in 2018. Anoxia only briefly reached a depth of 7 m in 2019 
and 2020, and 7.5 m in 2021 and 2022.

ODR increased in Lake Carmi with aeration. The initial depletion of oxygen following spring mixing occurred 
over a period of over 1 month in 2018 and 2019 without aeration (mid-May to mid-June). Bottom DO deple-
tion in spring of 2020–2022 occurred at a similar rate before the aerators were turned on. Aeration slowed the 

Figure 8. Lake Carmi surface and bottom dissolved oxygen (DO) recorded by fixed chain sensors. The blue shaded regions 
indicate aerator functionality. In 2021, aeration is broken up by the northern compressor array (top) and southern array 
(bottom). Example regression lines used to calculate hypolimnetic oxygen demand rates during periods of stratification are 
shown as black dashed lines.
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rate by about two thirds (0.37 mg/L/day without aeration to 0.12 mg/L/day 
with aeration) before the hypolimnion became anoxic (Figure 8). Oxygen 
demand increased following subsequent mixing events that replenished 
bottom DO. This was seen once in 2018 at the start of fall turnover. A 
partial mixing of the water column was followed by rapid depletion of 
bottom DO (0.63 mg/L/day). This rate was exceeded each year with aera-
tion. The highest ODR (1.3 mg/L/day) was observed in 2021 during a shut-
down in aeration after bottom water temperatures had been raised above 
normal. The rate of oxygen depletion was not solely dependent on bottom 
water temperatures. In 2021, DO fell at a rate of 1.08 mg/L per day follow-
ing subsequent mixing and a bottom water temperature of 17°C, the same 
temperature seen in June of that year when the depletion rate was only 
0.37 mg/L per day.

3.3.2. Missisquoi Bay

Bottom water DO in Missisquoi Bay was very responsive to brief periods 
of stratification. The minimum bottom DO at the platform site ranged from 
5.8 mg/L in 2020 to 0.24 mg/L in 2021 (Figure 9a). LTMP sampling shows 
similar results at their two monitoring locations in the bay. The hypolimnion 
at these sites sometimes had low DO (e.g., 2.17 mg/L at station 50 in 2017, 
2.38 mg/L at station 53 in 2021) but was never fully anoxic. We sampled 
across areas of the bay on several days when conditions favored stratifica-
tion. The most widespread low DO that we encountered was on 25 August 
2021, the same day as the lowest platform reading (Figure 9c). Manual sonde 
readings of DO just above the SWI were below 1 mg/L in the southeast lobe 
of the bay. Bottom DO was also low (0.48–2.74 mg/L) in the southwest and 
western side. DO increased to the northeast (2.8–6.07 mg/L) and northwest-
ern lobe (7.36 mg/L). Sampling on 10 August 2021 also captured a difference 
in bottom DO across the bay, but no anoxia (Figure 9b). Bottom DO south of 
the monitoring platform was 2.65 mg/L.

Moving north, bottom DO in the rest of the southeast lobe ranged from 5.63 
to 6.96 mg/L. Other samples in the bay were even higher (7.52–9.77 mg/L). 
Oxygen demand was relatively high during the few periods of stratification 
over the monitoring period. In August and September 2020 bottom DO fell 
at a rate just over 0.5  mg/L/day on two occasions but remixing occurred 
before the hypolimnion went anoxic. In August 2021, ODR were 1.32 and 
1.43 mg/L/day leading to two periods of low bottom DO.

3.4. Phosphorus Response to Dissolved Oxygen

3.4.1. Lake Carmi

During aeration, there was no significant difference in mean surface TP 
concentrations during spring through 15 July compared to pre-aeration 
concentration (20.7 ± 1.4 μg/L pre-aeration, 20.6 ± 0.8 μg/L post aeration, 
t-test: p = 0.9718). In years with aeration, mean surface TP in July through 

September increased from 37.9 to 47.0 μg/L (p value = 0.020) (Table 1). Over that same period, VT DEC data 
showed that mean bottom water TP decreased from 71.86 to 47.12 μg/L (p = 0.045). When compared with the 
daily bottom water samples collected in this study, there was no significant change in bottom TP (July–September 
mean value: 72.85 μg/L). Bottom water metals (Fe and Mn) concentrations were also significantly lower in the 
VT DEC samples during aeration (p = 0.0005, p < 0.0001). On concurrent sampling days, the TP concentration 
in bottom water collected by the ISCO were very similar to the bottom water samples collected by the VT DEC 
during mixed conditions (Figure 10). Platform ISCO samples were on average 1.7 times higher than samples 
collected by VT DEC at 8 m during stratified conditions.

Figure 9. (a) 2021 time series of surface and bottom dissolved oxygen (DO) 
concentrations at the monitoring platform in Missisquoi Bay. Gaps in the data 
correspond to operational downtime of the profiler. Spatial interpolations of 
bottom DO along with bottom dissolved Fe and Mn concentrations (mg/L) are 
shown for the low oxygen events observed on (b) 10 August 2021 and (c) 25 
August 2021. Example regression lines used to calculate hypolimnetic oxygen 
demand rates during periods of stratification are shown as black dashed lines.
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The daily ISCO sampling also captured internal loading events that were not observed in the VT DEC data 
set. Large increases in bottom TP were seen at the onset of anoxia. In 2020 the VT DEC sampling captured an 
increase in bottom TP during the first low bottom DO (<2.5 mg/L) before the ISCO was deployed. Additional 
increases in TP were captured in water sampled by the ISCO under low DO conditions. TP rose to 45 μg/L 
within 24 hr of DO falling below 1 mg/L for the first time, and then spiked to 311 μg/L when bottom DO was 
depleted. In 2021, bottom TP reached 294 μg/L 24 hr after DO fell below 1 mg/L for the first time, a 6× increase 
in concentration. Subsequent anoxic events following mixing events caused similar spikes in bottom TP within 
24–48 hr (Figure 10).

Phosphorus in the rest of the water column increased over the summer during each study year. Large increases in 
surface TP were observed when periods of internal loading were followed by full or partial water column mixing. 
In 2018, surface TP increased by 29.5%–30.3 μg/L in July following increased bottom P and partial mixing to 
6 m. TP increased by another 31% in August when mixing reached 7 m. The maximum surface TP of 43.1 μg/L 
was reached in mid-September after full mixing of the water column. This concentration was exceeded over a 
month earlier (late June to early August) in each study year with aeration. Alternating periods of anoxia and 
mixing in 2019–2022 resulted in elevated TP earlier in the summer and higher maximum concentrations (63.0, 
81.5, 63.0, and 83.0 μg/L respectively) following full mixing.

The two other VT DEC sampling sites did not exhibit as high TP concentrations as the central monitoring site 
(Figure S5 in Supporting Information S1). The northern site (Site #3) did not have anoxic bottom water on any 
of the sampling days before or during aeration. The highest TP concentrations were both surface samples (69.0 
and 79.9 μg/L) collected on 13 September 2017 and 27 August 2021. The southern site (Site #2) experienced 
some hypolimnetic anoxia pre-aeration, but none on sampling days during the aerated years. The largest differ-
ence between top and bottom TP (27.7 μg/L at the surface to 49.9 μg/L at 6 m) was sampled on 27 July 2017 
when bottom DO was 0.2 mg/L. The highest TP (171 μg/L) was sampled at the surface on 13 September 2017 
when  bottom TP was below 40 μg/L. Fe and Mn were not tested at VT DEC site #3. At site #2, both Fe and 
Mn  were elevated in bottom water samples relative to surface water at the onset of anoxia, but bottom TP was 
only slightly higher than surface concentrations.

3.4.2. Missisquoi Bay

Bottom water samples collected from sites with high sediment P mass during two low DO events in 2021 showed 
elevated concentrations of dissolved P and Mn. On 10 August 2021 when there was one site with low DO 
(2.65 mg/L), dissolved P was at a similar concentration to the rest of the bay, but dissolved Mn was 8× higher 
than nearby sites. On 25 August 2021, during sampling when much of the bay had low bottom DO, several sites 
had dissolved P over 60 μg/L with a maximum of 177 μg/L. Sites that were well mixed and oxygenated had an 
average dissolved P of 45 μg/L. Bottom water dissolved Mn was also elevated in areas with low DO (up to 20× 
higher than well mixed sites). Sites with lower P mass did not have as high of concentrations of bottom water 
dissolved P during this sampling.

Figure 10. Bottom and surface water total phosphorus (TP) collected in 2020/2021 from Lake Carmi. Orange segments represent periods of bottom water anoxia which 
end with mixing events that replenish dissolved oxygen to the water column. The red dashed line is the total maximum daily load target of 22 μg/L.
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4. Discussion
4.1. Overview

This research highlights the complexity of managing legacy P in shallow eutrophic systems. Lake Carmi and 
Missisquoi Bay both experience internal P loading coupled with redox driven Fe cycling at the SWI. This is illus-
trated by the ratios of those elements in their respective lake sediments (Figures S2 and S3 in Supporting Infor-
mation S1). This is also supported by observed co-enrichment and positive correlation of bottom water in P, Mn, 
and Fe during periods and at locations where low oxygen conditions were detected at both sites (Figures 3 and 9). 
However, the temporal and spatial distribution of internal loading events differs between these two systems due 
to differences in hydrodynamics, which controls the development and persistence of stratification and a reducing 
SWI during summer months. In subsequent sections, we (a) discuss the drivers of internal loading of legacy P in 
both lake sites derived from robust spatial and temporal monitoring campaigns, (b) identify how internal loading 
and its drivers change in response to an aeration intervention as captured by high frequency and long-term time 
series, and (c) explore how these novel data and analyses can inform subsequent efforts to suppress internal load-
ing in systems with similar characteristics. Our use of high-frequency data illustrates that this type of monitoring 
could also be proactively leveraged to inform intervention plans, and used to develop models that predict the 
impact of intervention scenarios before implementation.

4.2. Fe Mediated P Cycling and Seasonal Controls of Internal Loading in Shallow Dimictic Systems

High frequency in-situ monitoring confirmed the persistent stratification and low oxygen conditions at the SWI 
in the central trough of Lake Carmi as was also observed in the long-term VT DEC monitoring. There were no 
mixing events or substantial increases in bottom water DO observed between bi-weekly VT DEC sampling events 
in 2018 (Figure 8). There was a buildup of P and Fe in the hypolimnion during prolonged stratification due to 
internal loading associated with sustained anoxia at the SWI (Figure 3). These conditions were less severe at the 
shallower VT DEC monitoring sites, suggesting that internal loading is largely depth dependent in this relatively 
shallow dimictic system (Figure S5 in Supporting Information S1). Our data show that the deepest segments 
have low sensitivity to wind driven mixing outside of spring and fall turnover, suggesting a seasonal trigger of 
the release of legacy P to the photic zone in the pre-aeration system. This was observed in the delay between P in 
the hypolimnion and subsequent increase in surface concentration following the gradual deepening of the ther-
mocline (Figure 6). Our analysis suggests that the deep central trough should be the focal point of intervention to 
suppress redox driven P release (Figure 1). Shallow dimictic systems like Lake Carmi that are resistant to summer 
wind driven mixing are likely to experience depth dependent internal loading associated with anoxia at the SWI.

4.3. Heterogeneous Legacy Phosphorus Distribution and Loading Dynamics in a Large Polymictic Bay

High frequency in-situ monitoring confirmed the highly transient nature of low level thermal stratification (often 
less than 1°C), and consequent low oxygen conditions at the SWI, and thus redox driven internal loading in 
Missisquoi Bay, which is consistent with our previous findings at this site (Giles et al., 2016; Isles et al., 2015; 
Smith et al., 2011). However, our spatial sampling campaigns revealed spatially heterogeneous internal P loading 
that was not captured by the monitoring platform or in our previous work. Bottom water P concentrations varied 
by a factor of 2–3 across the bay during the same day, and Mn by a factor of 10 across a very similar range of 
depths (2.3–4.4 m). This demonstrates that despite the nearly uniform depth of the bay and ubiquitously rela-
tively high concentration of redox sensitive P in sediments (Figure 4), conditions that promote internal loading 
were spatially highly dynamic. This is due to the sensitivity of the bay's hydrodynamics to wind, which promotes 
variable redox conditions at the SWI. For example, on 25 August 2021 the entire southern half of the bay had 
low oxygen bottom water (0.26–2.74 mg/L DO), and relatively high bottom water P and Mn (51–171 μg/L TP, 
0.17–1.47 mg/L Mn) (Figure 9). Furthermore, this was a condition that had lasted for a few days, indicating that 
this was a relatively large scale internal loading event, at least in the portion of the bay with the smallest fetch for 
a southwestern wind. Conversely, on 10 August 2021, low oxygen conditions (2.3 mg/L DO) and high bottom 
water Mn concentrations (0.39 mg/L) were only prevalent in the SE lobe of the bay, indicating that event was 
hyper-localized in the most sheltered portion of the bay, as wind forcing mixed the rest of the bay.

Wind data and frequency of turnover (Figure S4 in Supporting Information S1) suggest that there is a very subtle 
threshold for wind driven mixing to occur in Missisquoi Bay given its shallow depth and large surface area 
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compared to Lake Carmi. This is likely why we did not observe chemical evidence of internal loading events 
in the northern portion of the bay due to its large fetch under the predominant southwestern wind orientation of 
the summer, even under the relatively hot and calm conditions under which the 25 August 2021 sampling events 
occurred. Similarly, bottom water P and Mn concentrations were relatively low with little variation during fully 
mixed sampling events (Figure S6 in Supporting Information S1). As such, our analysis suggests that in systems 
like Missisquoi Bay (high surface area, high sediment surface area to volume ratio, similar shallow depth), small 
differences in physical characteristics and hydrodynamic response of different regions to the prevailing summer 
wind direction can control the extent to which any given region of the lake may contribute to internal loading P 
budgets. The relative contribution of these regions to internal loading will vary as wind driven forcing of hydro-
dynamics changes in response to the weather. Because of this, wind driven forcing is critical to consider with 
targeted treatment plans of shallow polymictic systems.

4.4. Aeration's Impact on Internal P Loading in Lake Carmi

Aeration caused a dramatic change in mixing regime and in the thickness and duration of low oxygen conditions 
in Lake Carmi. We observed a significant decrease in water column stability when the aerator was functioning 
(Table 1, Figure 7), leading to increased wind sensitivity and mixing that affected the deepest lake segments 
(Figure S4 in Supporting Information S1, Figure 6). However, aeration did not prevent periods of anoxia even 
when fully functional leading to sharp increases in bottom water P, even with only transient minor stratification 
(Figure 10). An increase in ODR from aeration and water column mixing has been observed in previous research 
due to turbulence at the SWI and an increase in diffusive gradient (Beutel & Horne, 1999; Bierlein et al., 2017; 
Bryant et al., 2010). It is also likely that higher bottom water temperatures led to increased rates of organic matter 
remineralization and oxygen consumption (Bergstrom et al., 2010; Niemisto et al., 2016; Rosa & Burns, 1987; 
Sobek et al., 2017).

Contrary to our predictions, aeration resulted in cycling between weakly stratified conditions that promote inter-
nal loading and full wind driven summer water column mixing, leading to an earlier increase in surface TP and 
higher average summer TP relative to pre-aeration years (Table 1). Even with a fully functional aeration system 
in 2022, this wind driven dynamic between these two states persisted. The change in the temporal distribution of 
internal loading and subsequent mixing events that raise surface water TP is particularly striking in the context of 
the seasonal variability of TP in the water column between the pre-aeration and post-aeration VT DEC time series 
(Figure 3). The seasonal evolution of TP concentrations in post aeration VT DEC data sets are quite similar with 
a gradual buildup of the entire water column's TP concentrations after the aerator was turned on and these cycles 
between weekly stratified and fully mixed water column progress over the course of any given summer, whether 
the aerator was fully (2022) or partially (2019–2021) functional. The cycle between conditions that favor internal 
loading and water column mixing also explains the decrease in summer bottom TP and increase in surface TP as 
observed in the VT DEC data set (Table 1). This could also explain the observed decrease in mean Fe and Mn 
concentrations in the bottom water.

There was less of a buildup of benthic legacy P in bottom water throughout the summer and fall during aeration 
because it was brought to the surface earlier in more frequent intermittent pulses. This led to a higher concentra-
tion of surface TP earlier in the summer. Several of these pulses were captured by our daily sampling but missed 
by the less frequent VT DEC sampling (Table 1, Figure 10). This dynamic represents a shift from the large 
seasonal pulse of bottom water-accumulated P during fall turnover to one driven by episodic pulses of legacy P 
from summer wind mixing. Contrary to our initial hypothesis, post-aeration legacy sediment P behavior remained 
tightly coupled with Fe redox cycling, but our unique data set captures the shift in environmental drivers of the 
mobility of P in the water column. This shift was triggered by wind driven mixing in an aerated unstable and 
highly dynamic water column relative to its pre-aeration summer state. This result highlights a potential drawback 
of aeration. Not only is the system failing to adequately maintain DO at a concentration that prevents internal P 
loading, but the decreased water column stability results in more frequent mixing that transports reactive P to the 
photic zone.

4.5. Comparing Internal P Loading Dynamics and Drivers Between a Naturally Polymictic Bay and a 
Transformed Polymictic Lake

Lake Carmi and Missisquoi Bay both exhibit high concentrations of legacy P that contribute to internal loading 
associated with reducing conditions at the SWI. Before aeration, there was a distinct difference in the temporal 

 19447973, 2024, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
034813, W

iley O
nline L

ibrary on [17/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Water Resources Research

KIROL ET AL.

10.1029/2023WR034813

17 of 20

and spatial availability of legacy P in each system. In Lake Carmi, there was an increase in bottom water TP 
primarily in the deep central trough that was subsequently mixed into surface waters as the thermocline gradually 
deepened. In contrast, Missisquoi Bay was shown to have a heterogeneous release of legacy P during brief peri-
ods of stratification throughout the summer that was quickly mixed throughout the water column. Subtle changes 
in windspeed and direction appear to be an important driver of internal loading in Missisquoi Bay compared 
to Lake Carmi where more significant wind is required to mix the water column. Aeration altered the internal 
P loading dynamics and drivers in previously dimictic Lake Carmi to match more closely those in Missisquoi 
Bay, a polymictic system. During this study, both systems responded rapidly to low windspeed which resulted in 
transient stratification and a subsequent drop in bottom DO. The increased ODR in years with aeration that we 
observed in Lake Carmi nearly matched the ODR in Missisquoi Bay and were more than double the highest rate 
observed in 2018 before aeration (Figure 8). Aeration reproduced some of the environmental drivers of oxygen 
demand seen in Missisquoi Bay by significantly warming bottom water (Table 1) and likely increasing turbulence 
at the SWI. In both systems, we detected an increase in bottom water TP due to internal loading within 24–48 hr 
of anoxia. This timing aligns with observations in previous research in dimictic systems (Anderson et al., 2021; 
Wilkes, 2019).

We observed a similar increase of TP when bottom water went anoxic following reoxygenation throughout the 
season (Figure 10), showing that this timing appears to hold for subsequent cycles in polymictic systems. There 
is evidence from laboratory experiments that increasingly high concentrations of P are released from sediments 
from oscillating redox conditions compared to sustained reducing conditions (Wilkes, 2019). While bottom water 
DO controls legacy P release, the upward flux of legacy P to surface water is controlled largely by wind-induced 
by mixing events. Aeration increased the frequency of such events in Lake Carmi, and we observed a steady 
increase in surface TP during aeration caused by pulses of internal P throughout the summer followed by mixing 
of P-enriched bottom water. These P dynamics closely match those observed in Missisquoi Bay, a naturally 
polymictic system (Giles et al., 2016; Isles et al., 2015; Smith et al., 2011).

4.6. Implications for Managing Internal Loading of Legacy Phosphorus

Both Lake Carmi and Missisquoi Bay present challenges to mitigating internal P loading. External nutrient loads 
are still relatively high in both watersheds even though there has been progress in limiting P inputs (IJC, 2019; 
Laitta et al., 2020; Porterfield & Roy, 2021). In-lake efforts to suppress internal P loading are temporary manage-
ment solutions if high external loads continue to contribute to cyanobacteria blooms and replenish legacy P pools 
(Carpenter et al., 2018; Paerl, 2014). High frequency data collected in Lake Carmi demonstrates how quickly 
anoxia can set up when bottom water is warm under very low level stratification. Even when aeration was active, 
it could take less than 5 days for anoxia to develop with less than 1°C temperature difference as observed in 
August 2020–2022 (Figure 8). Previous research shows that it takes approximately 5 days to replenish oxygen 
at the SWI once a bubble plume diffuser is activated in anoxic conditions (Bryant et al., 2011). We observed 
that even under continuous aeration, hypolimnetic anoxia persisted at the monitoring site until the water column 
mixed. Lake Carmi mixed more frequently due to aeration and the decrease in water column stability which 
unintentionally promoted internal loads of legacy P reaching the photic zone earlier in the season. By setting up 
an aeration system that only partially destabilizes the water column, the timing of internal loading is much less 
predictable and subject to subtle changes in the wind.

In Missisquoi Bay, we illustrate the challenges imposed by scale and wind-driven forcing of internal loading, 
where focused treatment of a smaller area would not be feasible given the potential for different portions of the 
large bay to contribute to internal loading depending on wind speeds and orientation. Internal P loading was 
observed to sometimes occur locally, but also nearly bay-wide during long periods of sustained low winds. Wind 
impacts on the extent and location of internal P loading in low water column stability systems provide a unique 
challenge and understudied consideration when assessing opportunities to suppress internal loading of legacy P.

5. Conclusions
This research highlights the challenges in managing internal P loading in shallow lake systems. Understanding 
the unique physical and geochemical drivers within each lake is critical to achieving water quality goals. Despite 
both Missisquoi Bay and Lake Carmi exhibiting P mobility coupled with Fe redox reactions, we observed distinct 
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differences in the drivers of internal P loading between the two systems. Differences in hydrodynamics resulted 
in different temporal and spatial legacy P availability. The use of high-frequency, real time monitoring in this 
study was critical in further defining the drivers of internal P loading in each system. We captured changes in P 
mobility over short time scales in response to aeration and changes in wind. These high-frequency time series 
can be a powerful tool to assess internal loading suppression methods by capturing physical and biogeochemical 
responses within each lake. Further research on how these responses vary spatially can be used to define target 
treatment areas, allowing for additional management options in systems like Missisquoi Bay where there is a 
size limitation for many interventions. Our research illustrates the complexities and challenges associated with 
managing internal loading, but also clearly highlights the power of increasingly available high-frequency sensor 
data that can be used to better understand the impacts of interventions in real-time and adjust management 
strategies.
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