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ABSTRACT  14 

Phosphorus (P) flux across the sediment-water interface in lakes and reservoirs responds to 15 

external perturbations within the context of sediment characteristics. Lentic ecosystems 16 

experience profound spatiotemporal heterogeneity in the mechanisms that control sediment P 17 

fluxes, likely producing hot spots and hot moments of internal loading. However, spatiotemporal 18 

variation in P fluxes remains poorly quantified, particularly in the context of sediment chemistry 19 

as a controlling variable. We measured P flux rates and mobile sediment P forms along the 20 

longitudinal gradient of a temperate reservoir every two months from February to October of 21 

2020. Both aerobic and anaerobic processes mobilized sediment P throughout the year. High flux 22 

rates at littoral sampling sites (8.4 and 9.7 mg P m-2 day-1) occurred in late summer under oxic 23 

conditions and mobilized labile organic P. High fluxes at the profundal site coincided with 24 

hypolimnetic anoxia under ice cover and in mid-summer (11.2 and 17.2 mg P m-2 day-1, 25 

respectively) and released redox-sensitive P. Several high fluxes substantially skewed the flux 26 
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rate distribution, providing evidence of hot spots and hot moments of internal loading. We 27 

further analyzed the ecosystem-level effects of elevated sediment P release by scaling measured 28 

flux rates to representative areas of the lakebed and estimating P loads. We found that aerobic P 29 

release from littoral sites had an outsized impact on total loads. Our findings demonstrate that 30 

focusing solely on flux rates without ecosystem context can lead to misidentification of the 31 

dominant biogeochemical mechanisms involved and ultimately impede eutrophication 32 

management. 33 
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Highlights  37 

• Evidence of hot spots and hot moments of sediment P fluxes in a temperate reservoir 38 

• Sediment P release occurs across a broad range of dissolved oxygen concentrations 39 

• Sediment P composition controls flux response to dissolved oxygen availability  40 

 41 

INTRODUCTION 42 

An ecosystem’s response to external perturbations results from the interaction of fast- and 43 

slow-acting state variables, which fall along a gradient of turnover times from short to long, 44 

respectively (Carpenter and Turner 2000). Slow variables determine ecosystem context and 45 

control how fast variables respond to external drivers (Walker and others 2012). Understanding 46 

how slow and fast variables interact is necessary for the study and management of complex 47 

systems (Crépin 2007, Ward and others 2019). For example, eutrophication in lakes and 48 

reservoirs is often influenced by interacting slow and fast variables at the sediment-water 49 
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interface. Sediments hold a pool of phosphorus (P), which is the legacy of past external loading 50 

and subsequent sedimentation (Søndergaard and others 2003, Walsh and others 2019). This P 51 

may be retained in the sediments or mobilized and released into the overlying water (i.e., internal 52 

P loading; Orihel and others 2017). Within the sediments there are many different P-containing 53 

minerals, organic compounds, and surface complexes, which are vulnerable to different 54 

mechanisms of internal loading (North and other 2015, Orihel and others 2017). As such, the 55 

chemical composition of the sediment P pool is a pivotal slow variable that shapes how the rate 56 

of P flux from the sediments (i.e., the fast variable) responds to fluctuations in external drivers 57 

(Carpenter 2003).  58 

The response of sediment P flux rates to changing dissolved oxygen availability, the 59 

result of external drivers, is shaped by the forms of P present in the sediment. For example, if 60 

redox-sensitive P forms (i.e., those associated with iron or manganese oxides) dominate the 61 

sediment P pool, then hypolimnetic oxygen depletion will trigger P release due to reductive 62 

dissolution of the host minerals (Mortimer 1941, Jensen and Andersen 1992). When a mixing 63 

event or other external disturbance delivers dissolved oxygen to the sediment surface, oxidized 64 

iron and manganese minerals will stabilize P, resulting in sediment P retention. The idea that 65 

oxic conditions prevent P release and that internal loading primarily occurs under anoxia is a 66 

persistent paradigm in limnology. However, there is ample evidence that internal P loading 67 

occurs under a range of dissolved oxygen conditions based on sediment characteristics (Hupfer 68 

and Lewandowski 2008). If sediments hold a large pool of labile organic P, then oxic conditions 69 

are expected to mobilize and release P via microbial decomposition and mineralization (Joshi 70 

and others 2015, Horppila and others 2017). In this case, an influx of dissolved oxygen to the 71 

lakebed would stimulate rather than suppress internal loading through this mechanism. The 72 
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relationship between dissolved oxygen and P flux is expected to vary with the composition of the 73 

sediment P pool, which is heterogenous across the lakebed and over time (Nowlin and others 74 

2005, Kowalczewska-Madura and others 2019). However, it is unclear how the interaction 75 

between this slow variable and external drivers influences spatiotemporal variability in sediment 76 

P fluxes and what the consequences of this variation are at the ecosystem scale.  77 

Lentic ecosystems are highly variable in space and time. Temperate reservoirs are 78 

particularly variable due to longitudinal gradients in basin morphometry as well as strong spatial 79 

and seasonal variation in thermal mixing, hypolimnetic dissolved oxygen, and organic matter 80 

sedimentation (Nowlin and others 2005, Hayes and others 2017, Cardoso-Silva and others 2018). 81 

Increasing water depth from riverine to lacustrine regions of a reservoir yields spatial variation in 82 

water column mixing and thus chemical conditions at the sediment-water interface (Kimmel and 83 

Groeger 1984, Hudson and Vandergucht 2015). Specifically, shallow riverine and transitional 84 

sections remain mixed throughout the open water season, usually maintaining oxygenated 85 

conditions above the sediments. Conversely, the deeper lacustrine region will likely experience 86 

at least intermittent thermal stratification, which may result in hypolimnetic dissolved oxygen 87 

depletion (Hayes and others 2017). In short, basin morphometry produces spatial variation in the 88 

dynamics of external drivers that influence internal P loading. Organic matter sedimentation also 89 

varies along the longitudinal gradient and may impact the composition of the sediment P pool. 90 

Riverine segments receive more allochthonous organic matter inputs while autochthonous 91 

material dominates sedimentation in the lacustrine region (Hayes and others 2017, Cardoso-Silva 92 

and others 2018). Autochthonous organic matter inputs also vary over space and time due to 93 

seasonal algal dynamics and spatial heterogeneity in bloom formation (Buelo and others 2018, 94 

Ortiz and Wilkinson 2021). When combined, spatial and seasonal variation in both redox 95 
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conditions and the composition of the sediment P pool likely produce hot spots and hot moments 96 

of sediment P flux. 97 

 Hot spots and hot moments are high rates of biogeochemical activity that occur when two 98 

reactants are brought together in space and time within an ecosystem (McClain and others 2003). 99 

This biogeochemical phenomenon can be understood within the conceptual framework of fast 100 

and slow variables. Specifically, a hot spot-hot moment is the product of an external perturbation 101 

delivering a reactant that interacts with the slow variable resulting in a high rate in the fast 102 

variable at that moment and location. For example, sudden water column mixing due to a storm 103 

delivers dissolved oxygen to the sediment surface, which is rich in labile organic P, resulting in a 104 

spike of sediment P release due to aerobic decomposition and mineralization (Tammeorg and 105 

others 2016). This external perturbation interacts with the slow variable (i.e., the sediment P 106 

pool) and brings two reactants together (i.e., dissolved oxygen and labile organic P), resulting in 107 

the hot spot-hot moment. Hot spots and hot moments disproportionately influence elemental 108 

cycles at the ecosystem-scale. Although the importance of hot spots and hot moments has been 109 

well-documented, analyses of the underlying mechanisms remain scarce (McClain and others 110 

2003). Additionally, most studies have focused on carbon and nitrogen cycles in streams and 111 

riparian soils, and there has been little consideration of hot spots and hot moments of P cycling, 112 

especially in lentic ecosystems (Bernhardt and others 2017). Even though temperate waterbodies 113 

likely experience hot spots and hot moments of internal P loading, no study to date has explicitly 114 

quantified these extreme events and identified the causal mechanisms.  115 

 In order to quantify hot spots and hot moments of sediment P flux and explore the 116 

underlying mechanisms, we measured mobile sediment P pools and fluxes over the course of a 117 

year and across the lakebed of a temperate reservoir (Figure 1). Specifically, we measured 118 
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sediment P composition and flux rates at three sites along the longitudinal gradient of the 119 

reservoir approximately every other month over the course of 2020, capturing conditions under 120 

the ice as well as thermal mixing and stratification events during the open water season. We 121 

asked, (Q1) When and where do hot spots and hot moments of sediment P flux rates occur, and 122 

what are the underlying mechanisms? (Q2) How does the slow variable (i.e., the composition of 123 

the sediment P pool) change over space and time, and how do these changes relate to P flux 124 

rates? (Q3) How do hot spots and hot moments of internal loading scale to the ecosystem level? 125 

We hypothesize that there are hot spots and hot moments in the rates of P flux from the 126 

sediments that arise from interactions between P speciation and biogeochemical conditions at the 127 

sediment-water interface. Over the course of the year, we anticipate that P will be mobilized and 128 

released from a variety of sediment P sources. We anticipate that temperature and dissolved 129 

oxygen concentrations will be key mechanisms driving internal loading but that the specific 130 

effects of these variables will depend on the composition of the sediment P pool. Predicting the 131 

occurrence of hot spots and hot moments of internal loading and identifying the causal 132 

mechanisms is essential for effectively managing whole-lake P cycling. Our analysis provides 133 

novel insights on spatiotemporal variation in lentic P cycling and the underlying mechanisms 134 

driving sediment P fluxes.  135 

 136 

METHODS 137 

Study Site 138 

Green Valley Lake (GVL) is a hypereutrophic reservoir located in southwest Iowa, USA 139 

(41°05'58.9"N 94°23'04.7"W, Figure 1), with a discontinuous cold polymictic stratification and 140 

mixing pattern. The reservoir lies in the rolling loess prairie region of the western corn belt 141 
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plains. Row crop agriculture dominates the GVL watershed with 68.4% of the land cover in a 142 

corn-soybean rotation. GVL is relatively small (surface area 156.2 ha) and shallow (maximum 143 

depth 6.8 m and mean depth 3.2 m), with two main branches meeting at the southern end of the 144 

basin above the dam outflow. As an impoundment of several small tributaries, GVL has a highly 145 

irregular shape (shoreline development factor 3.44), characterized by numerous shallow bays and 146 

an extensive littoral zone.  147 

We measured spatial variation in sediment P pools and fluxes at three sampling sites 148 

distributed along the longitudinal gradient of the west branch of the reservoir. We selected the 149 

western branch as this inflow is the main tributary to the reservoir and drains the majority of the 150 

watershed. The shallow sampling site (2.5 m) was located near the west inlet, and the water 151 

column remained mixed throughout the open water season. The intermediate depth site (4.0 m) 152 

was in the middle of the western branch of GVL. Thermal stratification developed under ice and 153 

intermittently throughout the open water season. The deep sampling site (maximum water depth 154 

6.8 m) was located at the deepest hole of the reservoir near the dam. Water column stratification 155 

and mixing followed the same pattern as the intermediate site (Table 1). 156 

In order to evaluate seasonal patterns in P dynamics, we sampled these sites throughout 157 

2020 on day of year (DOY) 39, 117, 181, 223, and 298 (winter, spring, mid-summer, late 158 

summer, and autumn, respectively). The timing of the sampling events was designed to capture 159 

ice cover, thermal stratification in spring, and mixing events in the summer and autumn (Table 160 

1). The shallow site was not sampled in February due to unsafe ice conditions created by a 161 

congregation of Canada geese (Branta canadensis). The sampling event in late summer occurred 162 

immediately following a derecho, an intense windstorm affecting a large geographic area 163 

(Corfidi and others 2016, Goff and others 2021). Although GVL lay at the edge of the derecho’s 164 
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path, windspeeds at the reservoir are estimated to have exceeded 65 kph, fully mixing the water 165 

column at all sites (Table 1).  166 

 167 

Vertical Profiles and Water Chemistry 168 

To monitor thermal mixing patterns in GVL, we deployed vertical strings of temperature sensors 169 

at the shallow and deep sites (HOBO 8K Pendant Temperature Data Logger). Sensors were 170 

placed every 0.5 m up to 3 m deep and then every 1 m to the lakebed. The sensors logged water 171 

temperature every 30 minutes from spring to late summer. At each sampling site and event, we 172 

also measured water column profiles of temperature and dissolved oxygen using a YSI ProDSS 173 

Multiparameter Digital Water Quality Meter. Additionally, we collected water samples 0.25 m 174 

below the water surface and 0.5 m above the sediment-water interface for analysis of total P 175 

(TP), soluble reactive P (SRP), total nitrogen, nitrate, and suspended solids (see Supplementary 176 

Material for full methods and data). Subsamples were filtered in the lab (0.45µm GF/C filters) 177 

for SRP analysis, and all samples were preserved with concentrated sulfuric acid to pH 2. TP 178 

samples underwent persulfate digestion prior to analysis (Standard Methods 4500-P B.5). We 179 

measured SRP and TP concentrations with the molybdenum blue method modified from Murphy 180 

and Riley (1962; Standard Methods 4500-P E) using a SEAL Analytical AQ2 Discrete Analyzer.  181 

 182 

Sediment P Fluxes 183 

To quantify sediment P fluxes, we collected intact sediment cores and incubated them 184 

under ambient conditions in the lab while measuring P exchange with the overlying water. For 185 

each sampling site and event, three replicate sediment cores were collected using a gravity corer 186 

(inner diameter 5 cm, length 50 cm), such that there were approximately 25 cm of sediment and 187 
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25 cm of overlying water. The sediment cores and the overlying water were sealed in clear, 188 

acrylic core sleeves and transported at 4°C. In the laboratory, we exposed cores to temperature 189 

and dissolved oxygen treatments corresponding to ambient conditions at each site. Temperature 190 

treatments were achieved by securing the cores in either a water bath or an incubation chamber. 191 

Dissolved oxygen levels were manipulated by bubbling either air mixtures or N2 through the 192 

overlying water. A slow, consistent bubble rate was used to gently mix the water column without 193 

disturbing the sediment surface. After the cores were placed in the incubation system, we 194 

measured the height of the water column within each core tube to calculate the water volume.  195 

Samples of the overlying water were collected 12, 36, 60, and 84 hours after the initial 196 

incubation set-up. For each daily sampling, 50 mL of water was removed for analysis of TP. An 197 

equivalent volume of hypolimnetic water, collected from 0.5 m above the sediment surface at the 198 

corresponding site, was used to replace the volume removed. The replacement hypolimnetic 199 

water was also analyzed for TP daily to account for changes in water column P due to sampling 200 

and water replacement. Samples were preserved with concentrated sulfuric acid to pH 2 and 201 

stored at 4°C before undergoing persulfate digestion and analysis for TP (Standard Methods 202 

4500-P B.5, E). We monitored water temperature, dissolved oxygen, and pH (YSI ProDSS 203 

Multiparameter Digital Water Quality Meter) daily to ensure that the overlying water remained 204 

representative of ambient conditions in the reservoir at the time of sampling. 205 

 The change in TP in the overlying water was used to calculate daily, areal P flux rates 206 

for each core. We first calculated the mass of P in the overlying water immediately following the 207 

collection of the daily water sample as well as the mass of P in the replacement water. We then 208 

determined how the addition of the replacement water changed the TP concentration of the 209 

overlying water. The daily change in TP concentration was calculated as the difference between 210 
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this new TP concentration after the addition of replacement water and the TP concentration 211 

measured in the water column the next day (see Supplementary Material for equations). The P 212 

flux rate was then calculated as: 213 

P flux rate (mg P m-2 day-1) = (Ct – C0) * V / A / d    (Eq. 1) 214 

Where Ct is the water column TP concentration on a given day, C0 is the TP concentration from 215 

the previous day after the addition of replacement water, V is the total volume of water overlying 216 

the sediment core, A is the area of the sediment surface, and d is the number of days between 217 

measurements (Ogdahl and others 2014). Over a 4-day incubation, we calculated three daily P 218 

flux rates for each sediment core. We took the mean of these temporal replicates to yield one P 219 

flux rate per core, per incubation. Mean flux rate and standard error of the mean for the three 220 

replicate sediment cores from each sampling site and event were then used to estimate P flux rate 221 

through time at the various sites.  222 

 223 

Sediment P Content and Composition 224 

At each sampling site and event, we collected an additional sediment core for analysis of 225 

sediment P composition, total P content, and physical characteristics (see Supplementary 226 

Material for sediment physical characteristics methods). We extruded the first 10 cm of the 227 

sediment profile into an acrylic core sleeve, which was sealed immediately to maintain ambient 228 

redox conditions. The top 10 cm of sediment is considered actively exchanging with the 229 

overlying water as diffusive processes can occur in sediments this deep (Boström & Pettersson 230 

1982, Forsberg 1989). Samples were transported and stored at 4°C until analysis, which began 231 

within 18 to 36 hours of sample collection. Sediments were handled under N2-atmosphere in a 232 

glove bag and thoroughly homogenized before removing three replicate subsamples from each 233 
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core. The replicates were analyzed for four mobile P species (loosely-bound, redox-sensitive, 234 

aluminum-bound, and labile organic P) via sequential extraction following Lukkari and others 235 

(2007). Dried sediments were used to quantify total P.  236 

To begin the sequential P extractions, subsamples of fresh sediment equivalent to 0.5 g of 237 

dry sediment were weighed into polyethylene centrifuge tubes. This same sediment pellet was 238 

used throughout the sequential extraction procedure. All extractions were performed on an 239 

orbital shaker table at 25°C. Extractant and rinse solution volumes (50 mL), shaker table speed 240 

(200 rpm), and centrifuge time and speed (30 minutes at 3000 rpm) were consistent across all 241 

extractions. In general, each extraction involved shaking the sediment pellet in the extraction 242 

solution, centrifuging, and pouring off the supernatant. All extractions included at least one rinse, 243 

in which the sediment pellet would shake for 15 minutes in a rinse solution to minimize tailing. 244 

The supernatant of the rinse extractions was combined with the primary extraction supernatant. 245 

Following each extraction, the total supernatant was preserved with concentrated sulfuric acid to 246 

pH 2 to keep metals soluble and achieve the required pH for color development during SRP and 247 

TP analyses. All SRP and TP concentrations were corrected for the extractant volume and the 248 

mass of sediment used to determine the P concentration per gram of dry sediment (See 249 

Supplementary Material for all equations). 250 

Loosely-sorbed and pore water P were extracted in 0.46 M N2-purged sodium chloride 251 

(NaCl) for one hour. One rinse in 0.46 M N2-purged NaCl was used, and the combined extract 252 

solution was preserved for TP analysis (Standard Methods 4500-P B.5, E). Redox-sensitive P 253 

species were extracted in a 0.11 M bicarbonate – 0.1 M sodium dithionate (BD) solution for one 254 

hour. This extraction included two rinses with BD solution and one NaCl rinse. The combined 255 

extract supernatant was bubbled with compressed air for at least 90 minutes to remove dithionite 256 
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before being preserved for TP analysis. Labile organic P and P associated with aluminum oxides 257 

were determined with an 18-hour extraction in 0.1 M sodium hydroxide (NaOH). One NaOH 258 

rinse was used, followed by one NaCl rinse. The combined extract supernatant was analyzed in 259 

two portions. First, a portion was filtered (0.45µm GF/C filters) and analyzed for SRP (Standard 260 

Methods 4500-P E). This SRP concentration was used to calculate the sediment concentration of 261 

aluminum-bound P. The remaining supernatant was digested and analyzed for TP. The labile 262 

organic P fraction was determined as the difference between the total NaOH-extractable P and 263 

the aluminum-bound P. Total sediment P concentrations were measured following a hot acid 264 

digestion on dried, ground, and homogenized sediments. Three replicate subsamples (0.2 g) of 265 

the dried sediment were combusted it at 550°C for 2 hours and then boiled on a digestion block 266 

in 50 mL of 1 M HCl for 2 hours at 150°C. Following digestion, samples were diluted to 50 mL 267 

with deionized water, and adjusted to pH 2 using 0.1 M NaOH before TP analysis.  268 

 269 

Statistical Analyses 270 

As there is no universal, quantitative method for delineating hot spots and hot moments of 271 

biogeochemical fluxes in a distribution of flux measurements (Bernhardt and others 2017), we 272 

used a variety of approaches to explore the distribution of P flux rates and determine whether the 273 

observed spatiotemporal variation indicated hot spots or hot moments. We first identified 274 

statistical outliers in the distribution, defined as flux measurements falling above or below 1.5 275 

times the interquartile range. We further quantified the shape of the P flux distribution by 276 

calculating skewness (m3; see Supplementary Material for equation), which identifies whether 277 

the distribution is symmetric (m3 < 0.5) or if extreme flux rates, presumably due to hot spots or 278 

moments, skew the distribution (m3 > 0.5). We further evaluated the influence of high flux rates 279 
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on the distribution by iteratively removing the highest flux rates and recalculating skewness. 280 

Through this process, we determined how many of the highest flux rates would need to be 281 

removed to produce a nearly symmetric distribution (Gakuruh 2017).  282 

In order to evaluate how the composition of the sediment P pool varied across sites and 283 

seasons, we performed a compositional data analysis. Compositional data analysis tests for a 284 

difference of proportions among multivariate observations, allowing us to test differences in the 285 

relative abundance of P fractions across different sites and events  (Filzmoser and others 2018). 286 

The compositional analysis was defined by the concentrations of loosely-bound (porewater and 287 

surface sorbed), redox-sensitive (Fe- and Mn-bound), aluminum-bound, and labile organic P. 288 

The sediment P concentrations were center logratio transformed prior to a principal components 289 

analysis (PCA) on the covariance matrix, as not to bias the analysis to the most abundant 290 

sediment P fractions.   291 

 To estimate the total sediment P load (kg day-1) in the reservoir for each sampling event, 292 

we multiplied the mean P flux rate (mg m-2 day-1) at each sampling site by the lakebed area (m-2) 293 

within representative depth contours corresponding to each site. The shallow site measurements 294 

were assigned to the 1.2 – 3.6 m depth contour, the intermediate depth site measurements were 295 

assigned the 3.6 – 5.6 m depth contour, and the deep site measurements were assigned the 5.6 – 296 

6.8 m depth contour. The threshold of 5.6 m was determined based on the historical mean depth 297 

of hypoxia in the water column. We excluded areas shallower than 1.2 m, including the sediment 298 

retention basins north of the reservoir, because these areas are mainly in secluded, wind-299 

protected bays (Figure 1). Our sampling sites, which were centrally located along a branch of the 300 

reservoir, cannot reasonably be extrapolated to these shallow areas due to expected differences in 301 

wave disturbance and the depositional environment (Kleeberg and others 2013). To calculate the 302 
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lakebed area within the representative depth contours, we used the length of each depth contour 303 

from a bathymetric map produced by the Iowa Department of Natural Resources. The area 304 

between depth contours is a trapezoid-shaped area of lakebed wrapping around the reservoir 305 

basin. We calculated this area as:   306 

𝐴 = (
𝑙𝑒𝑛𝑔𝑡ℎ 1 + 𝑙𝑒𝑛𝑔𝑡ℎ 2

2
) × ℎ     (Eq. 2) 307 

Where length 1 and 2 are the lengths of the bounding depth contours, and h is the assumed 308 

average distance between the depth contours across the lakebed, estimated using the Pythagorean 309 

theorem: 310 

ℎ = √(𝑑𝑒𝑝𝑡ℎ 2 − 𝑑𝑒𝑝𝑡ℎ 1)2 +  (√𝑎𝑟𝑒𝑎 1 − √𝑎𝑟𝑒𝑎 2)
2
   (Eq. 3) 311 

Where depth 1 and 2 refer to the water depth of the top and bottom depth contours, and area 1 312 

and 2 represent the planar areas at the top and bottom depth contours. This method assumes that 313 

the lakebed follows a linear slope between the bounding depth contours, so it is likely an 314 

underestimate of the true area of the sediment surface. After determining the lakebed area 315 

corresponding to each sampling site, we multiplied this area by the flux rates and then summed 316 

across all three load estimates for the total load for that sampling event. To propagate the 317 

uncertainty of this estimate, we added the standard error of the mean values in quadrature. 318 

 All data are available in Albright and Wilkinson (2021). All analyses were completed in 319 

R version 3.6.0 (R Core Team, 2019) using the sf (Pebesma, 2018), spData (Bivand and others 320 

2021), fGarch (Wuertz and others 2020), robCompositions (Filzmoser and others 2018), and 321 

vegan packages (Oksanen and others 2019).  322 

 323 

RESULTS 324 

Physiochemical Conditions 325 
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Water column chemistry and thermal structure varied across sampling sites and over the 326 

course of the year (Table 1). At the shallow site, the water column remained mixed throughout 327 

the open water season and the sediment-water interface remained oxic (dissolved oxygen range 328 

5.4-10.2 mg L-1). At the intermediate and deep sites, thermal stratification first developed after 329 

ice-off. Intermittent stratification continued through late summer, after which the water column 330 

was mixed at both sites. The sediment-water interface at the intermediate depth site remained 331 

oxic throughout the study period (dissolved oxygen range 4.8-12.6 mg L-1), but the deep site 332 

experienced periodic hypoxia (dissolved oxygen range 0.3-8.7 mg L-1). On the day of the late 333 

summer sampling (DOY 223), a derecho passed over the lake, prompting a mixing event, as 334 

evidenced by an isothermal water column at all sampling sites. Following the derecho, the 335 

relative contribution of inorganic solids to the total suspended solids pool was much greater than 336 

any other point throughout the year in both surface and bottom waters, suggesting that the storm 337 

resulted in sediment disturbance and a well-mixed water column (Supplementary Table S1). 338 

Hypolimnetic P concentrations followed a similar seasonal pattern across sampling sites (Figure 339 

2). At the deep and intermediate sites hypolimnetic TP concentrations remained stable between 340 

under-ice sampling (DOY 39) and early spring (DOY 117). Hypolimnetic concentrations of both 341 

TP and SRP then increased from spring through late summer, peaking at 318.0 to 370.9 µg L-1 342 

and 116.3 to 168.5 µg L-1, respectively, before declining in autumn. Although these nutrient 343 

concentrations are quite high, the dynamics of P in the water column in 2020 are consistent with 344 

concentrations and seasonal patterns previously measured in GVL (Supplementary Figure S1). 345 

 346 

Sediment P fluxes 347 
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Sediment P flux rates varied substantially among sampling sites and across seasons 348 

(Figure 2, Supplementary Table S2). Flux rates were most variable over time at the deep site; 349 

however, these profundal sediments were a consistent source of P to the overlying water from 350 

winter to mid-summer (DOY 39, 117, 181), and then became a moderate sink or source of P in 351 

the late summer and autumn (DOY 223, 298). Sediments from the intermediate depth site 352 

retained P under ice cover (DOY 39), but released P in spring and late summer (DOY 117, 223). 353 

The shallow site followed a similar seasonal pattern with sediment P release in spring and late 354 

summer (DOY 117, 223) and negligible fluxes in mid-summer and autumn (DOY 181, 298). 355 

Overall, the highest rates of P release occurred at the shallow and intermediate sites in late 356 

summer (DOY 223) and in winter and mid-summer (DOY 39, 181) at the deep site.  357 

Over the course of the year, sediment P release occurred under a broad range of dissolved 358 

oxygen concentrations at the sediment-water interface (Figure 3, Table 1). At the deep site, 359 

nearly anoxic conditions were associated with elevated rates of P release in winter and mid-360 

summer (DOY 39, 181; dissolved oxygen 1.1 and 0.3 mg L-1, respectively). However, most of 361 

the observed instances of P release occurred when oxygen was available at the sediment-water 362 

interface. For example, sediments across all three sampling sites released P under oxic conditions 363 

in spring (DOY 117; dissolved oxygen range 5.8-9.4 mg L-1), and high rates of oxic P release 364 

occurred at the intermediate and shallow sites in late summer (DOY 223; dissolved oxygen 4.8 365 

and 7.2 mg L-1, respectively). The effect of dissolved oxygen availability on sediment P flux 366 

rates differed between the deep site and more shallow sampling sites, and elevated P release rates 367 

were observed under both oxic and anoxic conditions. 368 

The shape of the distribution of sediment P flux rates over the course of 2020 provides 369 

evidence of hot spots and hot moments of sediment P release in GVL. The distribution of P flux 370 
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rates was centered near 0 mg P m-2 day-1 with the majority of the rates falling between -10 and 371 

10 mg P m-2 day-1 (Supplementary Figure S2). The first statistical moment, or mean, of the 372 

distribution was 3.4 mg P m-2 day-1. The distribution was moderately positively-skewed (third 373 

standardized statistical moment m3 = 0.818) due to five high release rates (range 16.2-23.6 mg P 374 

m-2 day-1). The four highest of these points were classified as statistical outliers. The high release 375 

rates were from the deep sampling site in winter and mid-summer (DOY 39, 181) as well as 376 

fluxes in late summer (DOY 223) from the intermediate and shallow sites (Supplementary Figure 377 

S3). Subsampling the dataset to exclude the five highest flux rates resulted in an approximately 378 

symmetric distribution (m3 = 0.462; Supplementary Table S3). The mean flux rate with the five 379 

highest rates excluded was 1.2 mg P m-2 day-1, which is almost a third of the mean flux rate for 380 

the whole distribution. The presence of high flux rates that skew the distribution indicate hot 381 

spots and hot moments of sediment P release. 382 

 383 

Sediment P Composition 384 

To understand spatiotemporal variation in sediment P fluxes, we also measured changes 385 

in the sediment P pool, the slow variable, across seasons and sampling sites. Redox-sensitive P 386 

was the dominant pool of mobile P found in the reservoir sediments constituting an average of 387 

40.9-51.3 percent of the total P pool across sites (Supplementary Figure S4). The concentrations 388 

of all mobile sediment P species were dynamic over time across the reservoir. Redox-sensitive P 389 

concentrations decreased over the course of the year at the shallow site. At the intermediate 390 

depth site, redox-sensitive P concentrations increased from winter to spring (DOY 39-117), 391 

declined through late summer (DOY 223), and increased until autumn (DOY 298). Redox-392 
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sensitive P at the deep site declined from winter through late summer (DOY 39-223), before 393 

increasing through autumn (DOY 223-298; Figure 4A).  394 

Overall, concentrations of labile organic P increased from spring to autumn at all study 395 

sites, except for slight declines between mid-summer and late summer (DOY 181-223) at the 396 

intermediate and shallow sites (Figure 4B). Aluminum-bound P concentrations declined from 397 

spring through autumn at the shallow site. At the intermediate depth site, concentrations 398 

increased from winter to spring (DOY 39-117), declined through late summer (DOY 223), and 399 

then increased again. At the deep site, aluminum-bound P followed an inverse pattern to that of 400 

redox-sensitive P, increasing from winter through late summer (DOY 39-223) and decreasing 401 

from late summer to autumn (DOY 223-298; Figure 4C). Temporal patterns in loosely-bound P 402 

varied across sites with declines over the study period at the shallow site, a gradual increase over 403 

time at the intermediate site, and steady concentrations at the deep site except for an increase 404 

from late summer to autumn (DOY 223-298; Figure 4D).  405 

We used PCA as part of a compositional data analysis to explore spatiotemporal variation 406 

in overall sediment P composition. The compositional analysis was defined by the concentrations 407 

of loosely-bound, redox-sensitive, aluminum-bound, and labile organic P (Figure 4E). The first 408 

principal component (PC1) explained 76.77% of the variation in the dataset and was highly 409 

correlated with loosely-bound and redox-sensitive P content. The second principal component 410 

(PC2) explained (14.35%) of the variation and was more closely associated with labile organic P 411 

content. The first two principal components explained 91.12% of the variance in the dataset. 412 

Overall, sediment samples from the shallow site had lower loosely-bound and redox-sensitive P 413 

content, whereas these species were more prevalent in the deep site sediments. The composition 414 

of the sediments from the intermediate site fell between that of the deep and shallow sites. Over 415 
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the course of the study period, sediment composition from all study sites generally decreased in 416 

loosely-bound and redox-sensitive P content and increased in labile organic P content.  417 

 418 

Total P Load  419 

We estimated daily sediment P loads for each sampling event by scaling the measured 420 

flux rates to representative areas of the lakebed to better understand the ecosystem-scale 421 

consequences of the P fluxes. The estimated total P load across the lakebed varied over time, 422 

with higher loads occurring under oxic conditions in spring and late summer (DOY 117, 223; 423 

Figure 5, Table 2). The greatest total P load occurred in late summer (DOY 223) due to high flux 424 

rates from the shallow and intermediate sites under oxic conditions (Figure 3). Oxic conditions 425 

were also associated with high total P loads in spring (DOY 117), when low P release rates 426 

across all sampling sites resulted in a substantial total P load due to the large area of the lakebed 427 

releasing P. In contrast, high rates of sediment P release under anoxic conditions at the deep site 428 

in winter and mid-summer (DOY 39, 181) did not translate into a high total P load due to the 429 

small area of lakebed involved. The greatest P loads were associated with aerobic sediment P 430 

release across a broad area of the lakebed. The seasonal trend in the estimated total P load 431 

mirrors the observed time series for hypolimnetic TP and SRP (Figure 2). 432 

 433 

DISCUSSION 434 

There was clear evidence of hot spots and hot moments of sediment P release in GVL 435 

over the course of 2020. These elevated rates of sediment P flux occurred in late summer at the 436 

shallow and intermediate depth sites as well as in winter and mid-summer at the deep site. While 437 

the single highest rate of sediment P release occurred under anoxic conditions, the other elevated 438 

flux rates at the shallow and intermediate sites happened when dissolved oxygen was available at 439 
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the sediment-water interface. Other studies of hypereutrophic reservoirs have also observed 440 

aerobic sediment P release associated with intense algal production and P mobilization during 441 

decomposition of sediment organic matter (Song and Burgin 2017, McCarty 2019). As a 442 

hypereutrophic waterbody, GVL also experiences severe algal blooms throughout the summer 443 

months, so it is likely that microbial decomposition of algal detritus fueled the observed aerobic 444 

P release. 445 

In addition to aerobic P mobilization from sediment organic matter, a severe storm 446 

disturbance on the late summer sampling date could have further exacerbated internal loading at 447 

the shallow and intermediate sites. The late summer sampling event occurred immediately 448 

following a derecho, which mixed the reservoir water column and disturbed sediments. Sediment 449 

resuspension has been shown to increase diffusive P flux from sediments into the overlying 450 

water, even after the sediments have settled following the disturbance (Tammeorg and others 451 

2016). Resuspension dilutes the pore water near the sediment surface, prompting diffusion of 452 

soluble P from deeper within the sediment profile and thus enhancing diffusive P fluxes into the 453 

water column. It is likely that the high rates of aerobic P release observed at the shallow and 454 

intermediate sites in late summer resulted from both P mineralization from organic matter and 455 

sediment disturbance brought on by the storm event. Bottom water TP and SRP concentrations 456 

also peaked at this time, indicating that these high flux rates influenced whole-reservoir P 457 

dynamics. 458 

The highest rates of P flux from the deep site occurred under ice cover and in mid-459 

summer under nearly anoxic conditions at the sediment-water interface. Profundal sediment P 460 

release during summer anoxia has been recorded in many other waterbodies and attributed to 461 

reductive dissolution of redox-sensitive P minerals (Mortimer 1941, Nowlin and others 2005, 462 
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Kowalczewka-Madura and others 2019). However, winter measurements of sediment P fluxes 463 

are uncommon (Cavaliere and others 2020). Of those measurements that have been made under 464 

ice, many studies report low flux rates in the winter (Orihel and others 2017), while others have 465 

measured substantial winter loading (Reedyk and others 2001, North and others 2015). Our 466 

results provide further evidence that mobilization and release of sediment P is still possible under 467 

ice cover. Despite the high flux rates measured under ice, hypolimnetic TP concentrations did 468 

not increase from winter to the next sampling event in spring. The winter P fluxes may not have 469 

been sustained long enough to cause a noticeable increase in water column P. Alternatively, the 470 

P released under ice-cover could have been exported downstream before the spring sampling 471 

event or diluted during ice melt (Cavaliere and others 2020). The relative importance of winter 472 

internal loading is likely system-specific, but to assume that winter P fluxes are negligible risks 473 

biasing estimates of annual internal loading. 474 

Sediment core incubations are a common tool for measuring sediment P flux rates (Orihel 475 

and others 2017); however, the approach also has limitations (Oghdal and others 2014). The 476 

main assumption when using core incubations to quantify sediment flux dynamics is that the 477 

conditions in the core are representative of the conditions in the lake. In an effort to meet this 478 

assumption, we incubated cores at ambient temperature and oxygen conditions at the time of 479 

collection, monitoring the temperature, dissolved oxygen, and pH daily in the cores. We also 480 

used measurements from replicate cores and multiple days of incubation to estimate daily mean 481 

flux rates at a site for a given sampling event in order to capture small-scale spatiotemporal 482 

variability in the estimate while comparing across larger spatial and temporal scales. 483 

Additionally, we limited our incubations to 3.5 days in order to minimize artifacts that can occur 484 

in long-term incubations such as the depletion of organic matter or other key nutrients. Finally, 485 
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we compared our core incubation-based flux measurements to TP dynamics in the reservoir as 486 

another way to verify that the qualitative patterns we observed in flux rates matched the changes 487 

in TP concentration measured in the reservoir. These strategies combined provide confidence 488 

that the broad-scale spatiotemporal patterns in sediment P flux we measured in GVL reflect the 489 

dynamics occurring across sites and seasons in the ecosystem.       490 

 491 

Sediment P Composition Controls Flux Response to Dissolved Oxygen 492 

 Over the course of the year, we measured internal P loading under a wide range of 493 

dissolved oxygen concentrations at the sediment-water interface. High P flux rates occurred 494 

under nearly anoxic conditions at the deep site and oxic conditions at the shallower sampling 495 

sites. In order to understand why sediment P fluxes responded differently to dissolved oxygen 496 

conditions across space and time, we measured the chemical composition of the sediment P pool. 497 

We hypothesized that this slow variable shapes how fluxes respond to external drivers that alter 498 

dissolved oxygen availability. Spatiotemporal variation in sediment P composition corresponded 499 

to variation in sediment P flux rates due to two disparate mechanisms: oxic conditions liberated 500 

P from labile organic materials and anoxic conditions mobilized redox-sensitive P species. The 501 

dominance of aerobic versus anaerobic internal loading shifted over time and space in the study 502 

reservoir, but both processes were important pathways for P recycling between sediments and the 503 

overlying water. 504 

At the deep site of the reservoir, change in redox-sensitive P concentrations mirrored P 505 

flux rates over time. Redox-sensitive P declined steadily from winter to mid-summer, and then 506 

sharply decreased (35% decrease) from mid- to late summer. The mid-summer sampling event 507 

was a hot spot-hot moment of P release from the profundal sediments that coincided with 508 
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hypolimnetic anoxia at the deep site. The decline in redox-sensitive P from mid- to late summer 509 

suggests that the high flux rates in mid-summer were the result of reductive dissolution of redox-510 

sensitive P minerals under anoxic conditions. Concentrations of labile organic P in the sediments 511 

generally increased over the course of the year at all sampling sites. However, declines were 512 

measured at the deep and intermediate sites from winter to spring, suggesting that the aerobic 513 

release observed in spring was due to the mineralization of labile organic P. From mid-summer 514 

to late summer, labile organic P also declined at the shallow and intermediate sites, indicating 515 

that the elevated rates of aerobic P release measured at these sites in late summer resulted from P 516 

mineralization following decomposition of labile organic materials.  517 

Our hypothesis that there are hot spots and hot moments of internal loading resulting 518 

from interactions between sediment P composition and biogeochemical conditions at the 519 

sediment-water interface was supported in our study reservoir. We found that anoxic conditions 520 

can trigger the rapid mobilization and release of P from redox-sensitive P pools regardless of 521 

water temperature. We also measured P release originating from labile organic materials under 522 

aerobic conditions and found that these fluxes were enhanced following a storm disturbance. Our 523 

findings underscore the importance of considering both aerobic and anaerobic pathways of 524 

internal loading, especially in productive waterbodies. Our work supports the idea of a 525 

“perpetual cycle of internal P loading” in hypereutrophic waterbodies, as proposed by Song and 526 

Burgin (2017). The perpetual cycle describes a positive feedback loop that develops as lakes 527 

become increasingly eutrophic. Increased algal production enhances inputs of detritus to the 528 

sediments, producing a large pool of sediment labile organic P that is susceptible to aerobic 529 

release (Baines and Pace 1994, Frost and others 2019). Sediment P release may then occur under 530 

both anoxic and oxic conditions. High internal P loads sustain frequent algal blooms, the detritus 531 
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of which further fuels aerobic sediment P release via decomposition and mineralization. This 532 

positive feedback loop likely introduces hysteresis to maintain waterbodies in a hypereutrophic 533 

state. Clear evidence of sediment P release under both oxic and anoxic conditions in GVL 534 

indicates that the reservoir has entered this proposed cycle in which both anaerobic and aerobic 535 

internal loading will continue to fuel intense algal blooms. 536 

 537 

Scaling Fluxes to the Whole Ecosystem 538 

A hot spot-hot moment is defined as having a disproportionate influence on elemental 539 

cycles at the ecosystem-scale (McClain and others 2003). As such, we scaled measured P flux 540 

rates to representative areas of the lakebed to estimate P loads and determine how the fluxes we 541 

classified as hot spots-hot moments actually influenced reservoir-wide internal loading. Hot 542 

spots and hot moments of aerobic P release from the shallow and intermediate depth sites in late 543 

summer produced the greatest total sediment P load to the reservoir over the study period. This 544 

substantial P load resulted from both the high flux rates and the broad spatial extent of sediments 545 

releasing P at this time. In contrast, high rates of P release from the deep site in winter and mid-546 

summer did not result in large total P loads due to the small area of lakebed represented by the 547 

deep site as well as sediment P retention at other sampling sites. The scaling results further 548 

illustrate how even low rates of P release can result in elevated total P loads if sustained over the 549 

entire lakebed. Specifically, we found that low rates of P release across all sampling sites in 550 

spring resulted in a high total P load.  551 

The biological relevance of these P loads varied with the timing and location of sediment 552 

P release. The spring P load occurred at an ideal time and location to fuel early summer algal 553 

blooms. Previous work has shown that GVL is strongly P-limited in early spring (Butts and 554 
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others, personal communication). Additionally, a large proportion of the lakebed releasing P at 555 

this time was in direct contact with the mixed surface layer, so released P would be readily 556 

available for algal uptake. The substantial P load from the shallow and intermediate sites in late 557 

summer also occurred in contact with the mixed surface layer. In contrast, P loads from the deep 558 

site in winter and mid-summer are less likely to have reached the euphotic zone and to be 559 

available to algae (Tammeorg and others 2017).  Overall, instances of aerobic sediment P release 560 

resulted in the greatest total sediment P loads to the reservoir and released P at relevant times and 561 

locations for algal uptake. 562 

Focusing on rates alone may not be sufficient to understand how extreme values of 563 

biogeochemical fluxes actually effect ecosystem structure and function. It is essential to evaluate 564 

the biological relevance of observed rates and scale measurements to the whole system. At the 565 

same time, scaling measurements from a single sampling station to an area of the lakebed is 566 

fraught with uncertainty. However, we took a conservative approach in assigning representative 567 

areas of the lakebed. We also took care in accurately describing the reservoir basin geometry and 568 

calculating sediment surface area. As such, we have produced conservative estimates of sediment 569 

P loads that can be used to evaluate the ecosystem effects of spatiotemporal variation in P fluxes. 570 

Other studies have scaled discrete measurements of sediment P fluxes to larger areas of the 571 

lakebed, generally based on waterbody surface area (Scicluna and others 2015, Noffke and 572 

others 2016). Our approach to characterizing basin geometry allows for more accurate estimates 573 

of sediment surface area and thus scaling at finer spatial resolutions based on water depth. 574 

 575 

Conclusions 576 
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Effective management of freshwater eutrophication in lakes and reservoirs requires a 577 

quantitative and mechanistic understanding of internal P loading (Søndergaard and others 2013, 578 

Schindler and other 2016). The high spatiotemporal variability in sediment P flux rates in GVL 579 

was the result of the slowly changing composition of the sediment P pool interacting with redox 580 

conditions controlled by external drivers. Our understanding of internal P loading in our study 581 

reservoir would have been very different had we only sampled at one site or in one season. Our 582 

findings demonstrate that the magnitude and mechanisms of internal P loading cannot be 583 

understood without capturing both seasonal and spatial variation in fluxes as well as the 584 

composition of the sediment P pool as a slowly changing variable. Additionally, quantifying 585 

rates to characterize hot spots and hot moments alone would have been insufficient in identifying 586 

the main sources and mechanisms of P release at the ecosystem-scale. Internal loading was 587 

dominated by oxic release in the shallow areas despite high release rates during anoxia at the 588 

deep site. These findings illustrate how focusing solely on high rates without the context of the 589 

whole ecosystem could lead to the misidentification of the dominant biogeochemical 590 

mechanisms at play and hamper eutrophication management efforts.   591 
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TABLES 609 

Table 1. Thermal stratification and oxygen conditions at the sediment-water interface. 610 

 
 

  Sediment-Water Interface Conditions 

 

DOY 

 

Season 

 

Site 

Water Column  

Thermal Structure 

Temperature  

(°C) 

DO  

(mg L-1) 

DO 

Saturation  

(%) 

39 Winter 
Intermediate Stratified 3.2 12.6 94.3 

Deep Stratified 4.2 1.1 8.6 

117 Spring 

Shallow  Isothermal 14.6 9.4 92.5 

Intermediate Stratified 14.1 8.9 86.4 

Deep Stratified 11.9 5.8 54.3 

181 
Mid-

Summer 

Shallow  Isothermal 26.5 5.4 67.4 

Intermediate Isothermal 26.3 6.3 78.0 

Deep Isothermal 24.2 0.3 3.3 

223 
Late 

Summer 

Shallow  Isothermal 26.1 7.2 88.7 

Intermediate Isothermal 25.4 4.8 58.0 

Deep Isothermal 24.9 4.5 54.2 

298 Autumn 

Shallow  Isothermal 6.7 10.2 83.3 

Intermediate Isothermal 8.1 8.7 73.7 

Deep Isothermal 8.4 8.7 73.8 

 611 

  612 
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Table 2. Estimated mean P load by site and total load. 613 

 Lakebed Information Estimated Mean P Load ± Standard Error (kg P day-1) 

Site 

Depth 

Contour 

Sediment 

Area (m2) Winter Spring 

Mid-

Summer 

Late 

Summer Autumn 

Shallow 1.2-3.6 m 3,014,983.6 n.a. 6.2 ± 2.8 -0.3 ± 10.3 25.2 ± 10.1 -2.2 ± 3.4 

Intermediate 3.6-5.6 m 1,593,676.1 
-2.5 ± 

1.7 1.9 ± 0.3 -5.8 ± 9.3 15.4 ± 13.7 0.4 ± 1.1 

Deep > 5.6 m 801,995.5 9.0 ± 5.0 1.9 ± 0.2 13.8 ± 0.9 1.9 ± 3.0 -1.2 ± 1.3 

Estimated Total Load (kg Pday-1) 6.5 ± 1.7 10.0 ± 2.8 7.8 ± 10.3 42.5 ± 10.1 -2.9 ± 3.4 

 614 

  615 
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FIGURES 616 

 617 

Figure 1. Sampling sites in Green Valley Lake, Iowa, USA. The three sampling sites are 618 

representative of different areas of the lakebed based on water depth. The shaded polygons 619 

illustrate these areas. The shallow site is representative of the 1.2-3.6 m depth contour. The 620 

intermediate depth site is representative of the 3.6-5.6 m interval, and the deep site is 621 

representative of the area deeper than 5.6 m.  622 
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 623 

Figure 2.  Sediment P flux rates and hypolimnetic P concentrations. (Top row of panels) Time 624 

series of mean sediment total P flux (± standard deviation among replicate cores) from February 625 

to October of 2020. The shallow site was not sampled in February due to unsafe ice conditions. 626 

Negative values indicate sediment P retention while positive values show P release. (Bottom row 627 

of panels) Time series of hypolimnetic total P (TP) and soluble reactive P (SRP) concentrations 628 

for each sampling site over the study period. 629 
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 630 

Figure 3. Mean sediment P flux rates (± standard deviation among replicate cores) across the 631 

range of observed hypolimnetic dissolved oxygen concentrations.  632 
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 633 
Figure 4. Spatiotemporal variation in mobile sediment P species.  Time series of mean (± 634 

standard deviation of replicate samples) (A) redox-sensitive P, (B) labile organic P, (C) 635 

aluminum-bound, and (D) loosely-bound P concentrations across sampling sites and over the 636 

course of the year. (E) PCA biplot based on a compositional data analysis of sediment P pools 637 

over the course of the year.  638 

 639 
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 640 

Figure 5. Estimated mean P load at the time of sampling by site (bars) and total load across the 641 

lakebed (points; error bars are ± standard error). Bar plots show the mean, estimated P load for 642 

each sampling site at the time of sampling. Points represent the sum of the estimated loads across 643 

the lakebed.  644 

  645 
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 801 

INTRODUCTION 802 

The Supplementary Material contains additional methods text detailing analysis of suspended 803 

solids, total nitrogen, and nitrate as well as use of previous monitoring data. We provide the 804 

equations used to determine sediment phosphorus (P) flux rates as well as sediment physical 805 

characteristics and the concentrations of sediment total P and various P species. We have also 806 

provided the standard equation for determining the third statistical moment. Table S1 details 807 

surface and bottom water chemistry including total, volatile, and involatile suspended solids; 808 

total and soluble reactive P; total nitrogen; and nitrate concentrations. Table S2 reports the 809 

mean P flux rates by site and day of year, as presented in Figure 2 in the main manuscript. 810 

Table S3 demonstrates the effects of excluding high flux rates on the skewness of the P flux 811 

distribution, as quantified by the standardized third statistical moment. We included a 812 

visualization that compares 2020 epi- and hypolimnetic total P and soluble reactive P 813 

concentrations to the P dynamics from previous years (Figure S1). Figure S2 illustrates the 814 

distribution of sediment P flux rates across sampling sites and seasons, with statistical outliers 815 

noted. Figure S3 breaks down the sediment P flux rate data by site and sampling event to 816 

identify the points in space and time associated with high flux rates. Figure S4 displays the 817 

average, annual sediment P composition by sampling site. We include citations for all 818 

references included in the Supplementary Material as well as citations for additional R 819 

packages used solely for data cleaning and visualizations. 820 

 821 

 822 
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SUPPLEMENTARY METHODS TEXT  823 

Vertical Profiles and Water Chemistry 824 

Suspended Solids 825 

Total suspended solids were determined by filtering a known volume of sample water through a 826 

prepared filter (0.45µm GF/C filters) and drying to a constant weight. Volatile suspended solids 827 

were determined via loss-on-ignition, and involatile solids were assumed to be the difference 828 

between volatile and total suspended solids. 829 

Total Nitrogen and Nitrate 830 

Subsamples were filtered (0.45µm GF/C filters) in the lab for nitrate analysis, and all samples 831 

were preserved with concentrated sulfuric acid to pH 2. Total nitrogen samples underwent 832 

digestion prior to analysis (Standard Methods 4500-N.C). Total nitrogen and nitrate were 833 

measured via second-derivative ultraviolet spectroscopy (Crumpton and others 1992, Childress 834 

and others 1999) using an HP 8453 Spectrophotometer. 835 

Use of Previous Monitoring Data 836 

In order to compare water column nutrient dynamics in 2020 to previous years, we used 837 

publicly-available nutrient monitoring data from the Iowa Department of Natural Resources 838 

AQuIA database (Figure S1).  839 

 840 

Sediment P Fluxes 841 

Eq. 1 – Mass of P in the Overlying Water 842 

Water Column Mass P (mg) = Water column [TP] (mg/L) * (Total Water Volume (L) – Replacement Water Volume (L))  (1) 843 

Eq. 2 – Mass of P in the Replacement Water 844 

Replacement Water Mass P (mg) = Replacement Water [TP] (mg/L) * Replacement Water Volume (L) (2) 845 

Eq. 3 – New TP Concentration Following Addition of Replacement Water 846 

New [TP] (mg/L) = (Water Column Mass P (mg) + Replacement Water Mass P (mg)) / Total Water Volume (L)    (3) 847 

Eq. 4 – Daily Change in TP Concentration 848 

 [TP] (mg/L) = Water Column [TP]day n (mg/L) – New [TP]day n-1 (mg/L)  (4) 849 

 850 

 851 
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Sediment P Content and Composition 852 

Additional subsamples of fresh sediment were used for analysis of physical characteristics. For 853 

each site, three replicate subsamples were dried to a constant mass and the wet and dry 854 

masses were used to determine sediment moisture content (MC). The subsamples were then 855 

combusted and weighed again to calculate organic matter content as loss-on-ignition (LOI) and 856 

estimate bulk density (Håkanson and Jansson 2002). 857 

 858 

Eq. 1 – Moisture Content (MC) 859 

Moisture Content (%) = [
(Ww−Wt)−(Wd−Wt)

Ww−Wt
] ×100               (1) 860 

Where Wt is the weight of the aluminum weigh boat, Ww is the weight of the weigh boat and 861 

fresh sediment sample, and Wd is the weight of the weigh boat and dry sediment. 862 

Eq. 2 – Organic Matter Content as Loss-on-Ignition (LOI) 863 

LOI Organic Matter Content (%) = [
(Wd−Wt)−(Wa−Wt)

Wd−Wt
] ×100           (2) 864 

Where Wa is the weight of the weigh boat and the ashed sediment after combustion. 865 

Eq. 3 – Bulk Density  866 

Bulk Density (g/cm3) = 
260

100+1.6×[MC+(
LOI

100×(100-MC)
)]
        (3) 867 

Eq. 4 – Dry Mass Equivalent of Fresh Sediment Used  868 

Dry Mass Equivalent (g) = Mass Fresh Sediment (g) × (100 – MC)         (4) 869 

Eq. 5 – Loosely-Sorbed and Pore Water P  870 

 Loosely-Bound P (mg P/g dry sediment) = 
Concentration TP (mg/L) × Solution Volume (L)

Dry Mass Equivalent of Sediment Used (g)
     (5) 871 

The concentration of TP used should reflect the average of lab duplicates, corrected for any 872 

dilutions. The solution volume should equal the total amount of 0.46 M NaCl extractant and 873 

rinse solutions (0.1 L total). The dry mass equivalent of the fresh sediment used is estimated 874 

based on MC (Eq. 4) and will be the same for the calculations of each subsequent extraction. 875 

Eq. 6 – Redox-Sensitive P  876 

 Redox-Sensitive P (mg P/g dry sediment) = 
Concentration TP (mg/L) × Solution Volume (L)

Dry Mass Equivalent of Sediment Used (g)
      (6) 877 
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The concentration of TP used should reflect the average of lab duplicates, corrected for any 878 

dilutions. The solution volume should equal the total volume of the 0.11 M bicarbonate – 0.1 879 

M sodium dithionate solution and the rinse solutions (0.2 L total).  880 

Eq. 7 – Aluminum-Bound P  881 

 Al-Bound P (mg P/g dry sediment) = 
Concentration SRP (mg/L) × Solution Volume (L)

Dry Mass Equivalent of Sediment Used (g)
    (7) 882 

The concentration of SRP used should reflect the average of lab duplicates, corrected for any 883 

dilutions. The solution volume should equal the total volume of 0.1 M NaOH used  and the 884 

rinse solutions (0.150 L total).  885 

Eq. 8 – Labile Organic P  886 

Labile Organic P (mg P/g dry sediment) = [
Concentration TP  (mg/L) × Solution Volume (L)

Dry Mass Equivalent of Sediment Used (g)
]  −  Al-Bound P     (8) 887 

The concentration of TP from the supernatant should first be corrected for the volume of 888 

NaOH and rinse solutions used (0.15 L total) and the sediment mass. This value represents 889 

the concentration of aluminum-bound and total labile organic P in the sediment pellet. The 890 

concentration of labile organic P is calculated as the difference between this value and the 891 

Al-bound P concentration (Eq. 7). 892 

Eq. 9 – Total P  893 

Total P (mg P/g dry sediment) =  
 [Concentration TP (

mg

L
)×

(Post pH (g)-Tare (g))

(Pre pH (g)-Tare (g))
]×Dilution Volume (L)

Dry Mass of Sediment Used (g)
      (9) 894 

The concentration of TP used should reflect the average of lab duplicate measures and must be 895 

corrected for the pH adjustment. The corrected TP concentration can then be corrected for the 896 

volume to which the sample was diluted after boiling (0.05 L) and the mass of dry sediment.  897 

Statistical Analyses 898 

Eq. 1 – Skewness, third statistical moment (m3) 899 

𝑚3 =
∑(𝑥−𝜇)3

𝑛 
     (Eq. 1) 900 

The third statistical moment quantifies skewness and can be standardized by dividing by the 901 

cube of the standard deviation. Perfectly symmetric distributions have an m3 value of zero. 902 

  903 
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Table S1. Epi- and hypolimnetic water chemistry by site and sampling event 904 

   

Suspended Solids 

(mg L-1) 

Phosphorus 

(µg L-1) 

Nitrogen 

(mg L-1) 

DOY Site 
Water 
Column TSS  VSS  ISS  TP SRP TN Nox 

39 

Intermediate 
Surface  NA NA NA 49.6 NA NA NA 

Bottom 7.5 4.5 3.0 54.2 NA NA 0.4 

Deep 
Surface  NA NA NA 42.7 NA NA NA 

Bottom 5.5 NA NA 53.9 NA NA 0.3 

117 

Shallow  
Surface  1.1 NA NA 39.5 7.1 1.0 0.7 

Bottom 9.5 NA NA 45.6 9.3 0.9 0.7 

Intermediate 
Surface  12.2 NA NA 33.7 5.5 0.8 0.6 

Bottom 3.0 NA NA 43.7 7.3 0.8 0.7 

Deep 
Surface  5.5 NA NA 35.0 1.9 0.6 0.6 

Bottom 1.5 NA NA 58.5 22.0 0.7 0.4 

181 

Shallow  
Surface  36.7 25.7 11.0 251.2 66.9 1.3 0.1 

Bottom 30.3 18.7 11.7 243.6 71.6 1.0 0.1 

Intermediate 
Surface  22.0 17.0 5.0 327.4 63.0 0.9 0.1 

Bottom 22.1 15.3 6.8 206.0 63.3 1.0 0.0 

Deep 
Surface  15.0 13.0 2.0 178.7 59.6 0.7 0.1 

Bottom 16.4 14.8 1.7 173.0 68.7 0.9 0.1 

223 

Shallow  
Surface  51.0 28.5 22.5 376.4 173.1 1.3 0.1 

Bottom 43.5 21.0 22.5 370.9 168.5 1.3 0.1 

Intermediate 
Surface  41.0 29.5 11.5 343.6 134.0 1.4 0.1 

Bottom 40.0 20.0 20.0 334.0 131.2 1.2 0.1 

Deep 
Surface  38.0 19.0 19.0 330.3 116.6 1.1 0.1 

Bottom 32.0 17.5 14.5 318.0 116.3 1.3 0.1 

298 

Shallow  
Surface  6.6 NA NA 115.9 61.6 1.0 0.3 

Bottom 3.2 NA NA 118.1 62.3 0.9 0.3 

Intermediate 
Surface  8.0 NA NA 131.6 69.2 1.0 0.3 

Bottom 17.6 NA NA 128.4 69.7 1.0 0.3 

Deep 
Surface  6.2 NA NA 138.4 71.0 1.0 0.2 

Bottom 2.4 NA NA 141.1 74.3 1.0 0.3 

Surface water samples were taken 0.25 m below the surface and bottom water samples 905 

were taken 0.5 m above the sediment-water interface. Suspended solid constituents 906 

measured include total (TSS), volatile (VSS) and involatile (ISS).  907 

 908 

 909 

 910 

 911 

 912 

 913 
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 914 

 915 

Table S2. Mean P flux rates across sampling sites and seasons.  916 

 Mean P Flux Rate ± Standard Error (mg P m-2 day-1) 

Sampling Site February April June August October 

Shallow  2.0 ± 0.9 -0.1 ± 3.4 8.4 ± 3.4 -0.7 ± 1.1 

Middle -1.6 ± 1.1 1.2 ± 0.2 -3.6 ± 5.8 9.6 ± 8.6 0.3 ± 0.7 

Deep 11.3 ± 6.2 2.4 ± 0.3 17.2 ± 1.2 2.4 ± 3.8 -1.5 ± 1.6 

Values indicate the mean P flux rate ± standard error across three replicate sediment 917 

cores. Blue cells indicate sediment P retention, orange cells corresponded to sediment 918 

P release, and either retention or release may have occurred during times indicated in 919 

grey. 920 

 921 

Table S3. Influence of excluding high flux rates on distribution skewness. 922 

Dataset Subsample 
Standardized Third 

Statistical Moment (m3) 
Distribution Shape 

Full dataset 0.818 Moderately positively skewed 

Exclude highest flux  0.734 Moderately positively skewed 

Exclude 2 highest fluxes 0.718 Moderately positively skewed 

Exclude 3 highest fluxes 0.666 Moderately positively skewed 

Exclude 4 highest fluxes 0.584 Moderately positively skewed 

Exclude 5 highest fluxes 0.462 approximately symmetric 

 923 

 924 

 925 

 926 

 927 

 928 
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 929 

Figure S1. Comparing 2020 epi- and hypolimnetic P dynamics to previous years (2014, 930 

2015, 2019). The 2020 P dynamics followed similar seasonal trends as past years in 931 

epilimnetic TP (A) and hypolimnetic TP (B) concentrations. Epilimnetic and hypolimnetic 932 

SRP concentrations were higher in 2019 than in 2020 (C-D). 933 

 934 

 935 
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 936 

Figure S2. Distribution of sediment P flux rates. The histogram details measured 937 

sediment P flux rates over all sampling sites and seasons while the density curve 938 

provides a kernel density estimation. The distribution and statistical outliers are further 939 

summarized with a boxplot. 940 

 941 
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 942 

 943 

Figure S3. Sediment P flux rates by site and sampling event, 2020. The distribution of 944 

all measured sediment P flux rates is visualized by sampling site and month. The highest 945 

observed release rates were associated with sediments from the deep sampling site in February 946 

and June as well as August fluxes from the middle and shallow sites. The four highest rates are 947 

statistical outliers. 948 
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 949 

Figure S4. Average, annual sediment P composition by sampling site. Raw 950 

concentrations increased from the shallow to the deep site. The relative abundance of 951 

each P species as a percent of the total sediment P pool was similar among sites. 952 
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