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While early efforts to reduce external phosphorus (P) loads to Lake Erie eliminated the worst eutrophication
symptoms in the 1970s and 1980s, the observed intensification of these symptoms in recent decades is difficult to
explain by changes in the external P loading alone. We hypothesized that, in addition to external inputs, in-lake
processes that release P to the water column may be contributing to the re-eutrophication of Lake Erie. Directly
measuring these internal inputs is challenging and their scaling up to the entire lake system remains fraught with
uncertainty. To constrain the magnitude of the net P input associated with in-lake processes, we generated a
long-term annual total P (TP) budget for the Lake St. Clair-Lake Erie system, averaged over a 14-year period,
from 2003 to 2016. The budget shows that the TP output from the system substantially exceeds the sum of the
external TP inputs. To balance the budget, we estimate that in-lake processes add a net internal TP load of 3783
metric tons per year (MTA) to the water column. In comparison, the mean yearly external TP load to the Lake St.
Clair-Lake Erie system is 11,703 MTA. Thus, overall, in-lake processes account for about a quarter of the total
(external plus internal) TP input. The internal input is not evenly distributed among the system’s basins, how-
ever, with Lake St. Clair and Lake Erie’s western, central, and eastern basins receiving 6, 13, 21 and 60% of the
total internal P input, respectively. Our results highlight the importance of accounting for the internal P loading

in nutrient cycling modeling and load reduction strategies for large lake systems.

1. Introduction

The primary driver of cultural eutrophication is excess nutrient in-
puts from human activities. Management strategies aimed at mitigating
the negative effects of lake eutrophication therefore focus on reducing
external nutrient loads, with particular attention on phosphorus (P), the
key macronutrient (co-)limiting primary production in aquatic ecosys-
tems. Yet, many of these systems show increasing signs of eutrophica-
tion, even under stable or even reduced external loads. Examples range
from small ponds to the coastal ocean (Fu et al., 2018), including estu-
aries and coastal bays (e.g., Chesapeake Bay: Najjar et al., 2010),
enclosed and semi-enclosed seas (e.g., Baltic Sea: Munkes, 2005; Vah-
tera et al., 2007; Meier et al., 2011; Stigebrandt and Andersson, 2020),
and lakes, such as Lake Winnipeg (Matisoff et al., 2017; Niirnberg and
LaZerte, 2016), Lake of the Woods (Edlund et al., 2017; James, 2017),
Lake Chaohu (Yang et al., 2020), and Lake Erie (Matisoff et al., 2016;

Scavia et al., 2014).

While early efforts to reduce external P loads to Lake Erie (IJC (In-
ternational Joint Commission), 1978) initially eliminated the worst
eutrophication symptoms, the lake has shown signs of re-eutrophication
beginning in the late 1990s. In particular, since that time there have
been more frequent and more severe cyanobacterial harmful algal
blooms (HABs), expanded regions of bottom-water hypoxia, outbreaks
of nuisance benthic green algae (e.g., Cladophora glomerata), and
increased total phosphorus (TP) concentrations in the western and
central basins (Rucinski et al., 2014; Scavia et al., 2014; Watson et al.,
2016) compared to the 1980s and early to mid 1990s.

In addition to external P loads that are driven by on-land human
activities and modulated by watershed hydrology and airshed transport,
in-lake processes may also release P to the water column. This internally
sourced P can be assimilated into the food web and contribute to
eutrophication. In-lake mechanisms of P mobilization may be enhanced
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by rising water temperature (Bostrom et al., 1982; Gomez et al., 1998;
Jeppesen et al., 1997), photosynthetically driven pH increases (Sabur
et al., 2021; Sgndergaard et al., 2003; Welch and Cooke, 1995) in
shallow environments characterized by dense cyanobacterial blooms
(Chen et al., 2014, 2018; Zepernick et al., 2021), hypolimnetic hypoxia
and anoxia (Niirnberg et al., 2019; Orihel et al., 2017; Welch and Cooke,
1995), salinization (Radosavljevic et al., 2022), and coastal sediment
resuspension and shoreline erosion (Eadie et al., 1990, 2008; McKinney
et al., 2019; Scavia et al., 2019a, 2019b, 2020). Despite growing evi-
dence that these mechanisms can mobilize significant amounts of P (e.g.,
Niirnberg and LaZerte, 2016; Scavia et al., 2020), quantifying internal P
loads in large lakes is difficult because the underlying mechanisms are
generally highly dynamic in time and space.

Several studies have reported large internal P fluxes in Lake Erie
(Matisoff et al., 2016; Paytan et al., 2017; Niirnberg et al., 2019; Gibbons
and Bridgeman, 2020; Wang et al., 2021; Anderson et al., 2021; see
Table Al: Tables, Figures and Appendices indexed with letters “A” and
“B” can be found in corresponding Supporting Material A and B). For
example, estimates for Lake Erie’s central basin as high as 11,000 metric
tons per year (MTA) have been proposed (Anderson et al., 2021).
However, the existing measurements cover limited spatial and temporal
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scales, and may not be representative of the integrated long-term and
basin-wide contribution of in-lake mobilization processes to the water
column TP budget. While there is a general consensus that the re-
eutrophication of the western basin of Lake Erie, including the recur-
rent HABs, is primarily driven by the external P loads, internal P loading
may still play a role in modulating algal productivity, especially in years
when the external P loading is relatively low (Matisoff et al., 2016). The
magnitude of the internal P loading in the western basin, however, re-
mains poorly constrained.

To assess the magnitudes of internal total P (TP) loads and compare
them to external inputs, we constructed a 14-year average annual TP
budget for Lake Erie. (Note: TP comprises all the P in a bulk water
sample, including dissolved and particulate P, and both inorganic and
organic forms of P). A multi-year averaging helps delineating the main
features of elemental budgets of large lakes with relatively long water
residence times (~ 2.8 years for Lake Erie; Bolsenga and Herdendorf,
1993). The difference between all external P inputs and all P outputs
(including P accumulation in bottom sediments) then provides an esti-
mate of the internal TP input (Orihel et al., 2017). The only assumption
in this mass-balance approach is that the long-term TP budget is closed.
It is important to note that, in and of itself, the approach does not
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identify which in-lake processes are responsible for the internal TP
input. We apply the approach to Lake Erie because it has a well-
documented history of cultural eutrophication and has extensive data
on the external P inputs and in-lake water quality.

Lake Erie has three distinct basins (Fig. 1) with variable trophic
states, morphometric properties, and thermal and mixing regimes,
making them representative of a broader range of systems. Comparison
of the budget calculations for the three basins may therefore yield in-
sights into the role of internal P loading that are transferable across a
range of large lake systems. Note that we include Lake St. Clair in our
analysis because it is an integral part of Lake Erie’s watershed (Bolsenga
and Herdendorf, 1993; Chapra et al., 2016) and represents a significant
modifier of the P fluxes from Lake Huron to Lake Erie (Bocaniov et al.,
2019; Scavia et al., 2019a, 2019b).

2. Methods and data sources
2.1. Study region

The Lake St. Clair-Lake Erie System is part of the Laurentian Great
Lakes-St. Lawrence River drainage system in the upper mid-west of
North America. It is located between Lake Huron and Lake Ontario
(Fig. 1) and consists of the Huron-Erie Corridor (HEC: St. Clair River,
Lake St. Clair, and Detroit River) and Lake Erie proper. In addition to its
own watershed, HEC receives water and accompanying chemical loads
from Lake Huron. Lake St. Clair is a relatively large, shallow, oligo-
mesotrophic, polymictic lake (mean depth = 3.8 m; maximum natural
depth = 6.4 m; Bocaniov and Scavia, 2018; Bocaniov et al., 2019). It is
connected to Lake Huron via the St. Clair River and flows into the Detroit
River that, in turn, flows into the western basin of Lake Erie. Note that
the St. Clair River and Detroit River are connecting channels rather than
actual rivers (Bolsenga and Herdendorf, 1993).

Lake Erie itself is a large, relatively shallow lake separated topo-
graphically into three basins with distinct morphometric characteristics,
mixing regimes, and trophic conditions (Bolsenga and Herdendorf,
1993). The western and eastern basins are the most and least productive,
respectively. The western basin is the shallowest (mean and maximum
depths: 7.3 and 19 m), characterized by a prevailing polymictic mixing
regime, but with short episodes of hypoxia in summer (Jabbari et al.,
2019), and dense cyanobacterial blooms towards the end of summer and
early fall (Sayers et al., 2019). It is separated from the central basin by a
chain of rocky islands and shoals (Fig. 1). The central basin is dimictic
(mean and maximum depths: 18.3 and 26 m) and deep enough to stratify
vertically from mid-June to mid-late October with an hypolimnion
susceptible to seasonal hypoxia. The eastern basin is the deepest (mean
and maximum depths: 24 and 63 m) with the second largest volume and
surface area. The major outflow from Lake Erie is through the Niagara
River, the channel connecting Lake Erie to Lake Ontario, and the Well-
and Canal (Fig. 1). The latter was built to bypass the Niagara Falls and
provide a deep draft navigation connection between the two lakes.

2.2. Lake segmentation and watershed delineation

The Lake St. Clair-Lake Erie system was divided into the following
segments along with their corresponding watersheds: St. Clair River,
Lake St. Clair, and Detroit River, plus Lake Erie’s western, central, and
eastern basins. Delineation of the Canadian sub-watersheds (Table A2
and Fig. A1) was based on the tertiary and quaternary sub-watersheds
identified in the Ontario Watershed Boundaries dataset (ODC, 2019).
Delineation of the United States sub-watersheds (Table A3; Fig. A1) was
based on the U.S. Geological Survey (USGS) 6-digit and 8-digit hydro-
logic unit codes (HUC6, HUCS) in the U.S. Watershed Boundary Dataset
(WBD, 2019). Together, this yielded 67 Canadian and 28 U.S. sub-wa-
tersheds (Tables A2 & A3) that include not only the major river tribu-
taries flowing into the St. Clair River, Lake St. Clair, the Detroit River,
and Lake Erie, but also the smaller, nearshore watersheds with direct

Ecological Informatics 77 (2023) 102131
drainage to the different lake segments.
2.3. Long-term budgets: Approach

We constructed long-term, post-2000 water and TP mass balances
(Table 1: Egs. 1-6 for water and 7-12 for TP; see Table 2 for definitions
of the symbols in the equations) for the four major segments of the Lake
St. Clair-Lake Erie system by averaging data of 14 water years, from
October 1, 2002, to September 30, 2016. For each segment, the water
cycle was assumed to be closed, with inflows and over-lake precipitation
equal to outflows and evaporation, plus or minus the change in water
volume. The (unknown) in-lake TP loading fluxes (L;) were obtained for
each segment by solving Egs. 8 and 10-12 (Table 1) assuming steady
state conditions (dp/dt = 0, with p representing the TP concentration).
In preliminary work, we performed non-steady state calculations (i.e.,
dp/dt # 0) where we incorporated the observed temporal trends in TP
concentration over the study period. These calculations, however, pro-
duced results very close to those of the steady state calculations (Table
Al). Data sources for the water and TP balances are provided in Tables
A4 to A9. The following two sub-sections describe how the various terms
in the water and TP mass balance equations were estimated. Further
details can be found in Appendices A2 to A7.

Table 1

Mass balance equations for calculating the mean annual water and TP mass
balances (with egs. 7-12 modified after Chapra et al., 2016) averaged over the
2003-2016 period. See Table 2 for the definitions of the symbols.

Segment Equation Eq.
#
Segment-specific water mass budgets:
St. Clair
River Qserds = Qscrus + Reer m
Lake St.
Clair Y5+ Ry + Queras + Quwre + @ = Es + Qarus + AV; + CUs 2
Detroit
River Qudrds = Qarus + Rar 3)
Western
Basin
(Lake Y+ Ry + Quras + Q) = Ew+ Qu+ AV, + CU,, (4
Erie)
Central
Basin
(Lake Yo+ Re+ Qu+ QF =Ec+ Q + AV, + CUc 5
Erie)
Eastern
Basin
(Lake Yo+ Re+ Qe+ Q@ = Eo + Quas + Queas + AVe + CU, 6
Erie)
Segment-specific phosphorus mass budgets:
St. Clair
River WE, = Qerus ® P+ WR, = Qurds ® Pards @
Lake St. vs% = W, + WR — Qgrus o Ps — Vs @ Ag o p — AV, e p, — ®
Clai
ar CUs ops+ Y; o PR o k+ QY o p™ + L,
Detroit
River Wi = Qurus ®Ds + W5, = Quras ® Paras (©)]
Western .
Basin VW% = Wi+ WR — Qu e Py + E, (e —Pw) — Vi o Ay @
1
(Lake Pu — AV, 0py — CUy 0Py + Yig o pif ekoa, + Q5 ap 10
Erie) L,
Central dp, . ,
Basin Vet = Quepw+ Wi = Qeope+ E, o (pw = Pe) + Eyj (pe =
11
(Lake Pc) —VcoAcop.— an
Erie) — AV, ep. — CU.op.+ YizepiR ekea. + Q5" ep + L,
Eastern .
Basin Ve% =Qcepc+ va_(Qnr+QWC) 'Pnr+Ec/e'(Pc—Pe)—
(Lake Veo A, ope — AV, e p.— a2
Erie) — CU, op.+ YipopiRekea, + Q" ep® + L,

Note: Egs. 8 and 10 to 12 can be solved at steady state (i.e., all dp/dt = 0) and at
non-steady state (dp/dt # 0). In both cases, these equations form linear algebraic
systems with only one unknown, that is, the internal load (L).
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Table 2
Definitions of abbreviations, variables, and parameters in the water and phos-
phorus mass balance equations shown in Table 1.

# Term Explanation

1 TP Total phosphorus

2 s,w,c,e Abbreviations for Lake St. Clair (s), Western Basin (w), Central
Basin (c), and Eastern Basin (e)

3 scr, dr, nr Abbreviations for the St. Clair River (scr), Detroit River (dr), and

Niagara River (nr)
4 gw, we, LH, Abbreviations for ground water (gw), Welland Canal (wc), Lake
LE Huron (LH), and Lake Erie (LE)

5 HWTP Huron water treatment plant

6 us, ds Upstream location (us), downstream location (ds)

7 Y, E; Over-water precipitation (Y;) and over-water evaporation (E;)
for segment i (km® yr™!)

8 R; Total watershed outflow reaching segment i (km® yr—')

9 i Segment index

10 Q; Advective outflow from segment i (km® yr 1)

1 Q¥ Ground water discharge into segment i (km® yr—1)

12w/, wR Direct mass loading of total phosphorus (MTA) to segment i
with subscript T representing inflow plus total watershed
inputs, and subscript R representing total watershed inputs

13 A; Surface area (km?) for segment i: A, = 1114; A,, = 3284; A, =
16,138; A, = 6235

14 EW/N E " Bulk dispersion coefficient for turbulent transport (km® yr—')
between Lake Erie basins (Chapra et al., 2016): EW/,c =22.1 and
E, =1975

15V, Volume of segment i (km>)

16 AV; Rate of change in volume (AV;) obtained from the difference in
volume i between time t and t = 0 for segment i (km® yr—')

17  pi TP concentration (pg L™! or mg m~3) in segment i

18 p¥ Median TP concentration in groundwater: p® = 20 pg L™ (
Table 9)

19 PR Estimated volume weighted mean concentration of TP in
precipitation for segment i (Appendix A5; Table A10)

20 CU; Consumptive water use in segment i (km® yr™!)

21 v Apparent settling velocity of TP (m yr™!) in segment i: v, = 50;
Vw = 50; v, = 30; v, = 32 (Chapra et al., 2016)

22 L; Internal TP load (MTA) required to balance inputs and outputs
for segment i

23k Coefficient to compute total (wet and dry) TP deposition from
wet deposition; k = 3.45 (Anderson and Downing, 2006)

24 q Area of segment i as a proportion of total Lake Erie surface area:
ay = 0.128; a. = 0.629; a. = 0.243 (Table 4)

25 MTA Metric tons per year

2.4. Water budgets

The annual volumes and water inputs and outputs for all the lake
segments were estimated for each of the 14 water years, and then
averaged to construct the average water budgets for Lake St. Clair and
Lake Erie. Where required, minor adjustments were made to close the
water budgets (Appendix A3). Next, the closed water budget of Lake Erie
was further divided into the three, western, central, and eastern basin-
specific water budgets (Egs. 4-6; Table 1).

Annual volumes and surface areas of the Lake St. Clair-Lake Erie
segments were derived from the lake bathymetry (NOAA, 2020a) and
water levels (Table A5). The latter were estimated from the mean daily
water levels measured at multiple locations with gauges operated by
Canada’s Department of Fisheries and Oceans (DFO, 2020) and the
United States National Oceanic and Atmospheric Administration
(NOAA, 2020b). Annual net changes in storage of Lake St. Clair and Lake
Erie were calculated as the product of the measured changes in lake
stage times the lake surface area. For the St. Clair River and Detroit River
connecting channels, the annual volume was calculated as the product of
the mean annual flow and the reported literature value of the water
storage capacity (0.88 days for the St. Clair River, Griffiths et al., 1991;
0.83 days for the Detroit River, Derecki, 1984). The approximation of a
constant storage capacity for the connecting channels introduced
negligible errors in the much larger Lake St. Clair and Lake Erie water
budgets.
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Monthly over-lake precipitation and evaporation data were obtained
from the NOAA Great Lakes Environmental Research Laboratory Hy-
drologic Data base (GLERL, 2020a). For Lake Erie’s three basins, pre-
cipitation and evaporation rates were prorated using the ratios of the
basin surface areas to the total lake area. Daily flow rates for the major
tributaries were downloaded from the USGS National Water Information
System (USGS, 2019) and the National Water Data Archive HYDAT
(HYDAT, 2020) for sites in the United States and Canada, respectively
(Tables A4 & A5). For rivers with multiple flow gauges, area-weighted
estimates of flow at the downstream confluence were used. The flow
data were scaled up to the corresponding entire sub-watershed areas to
account for the unmonitored area runoff (Tables A2 & A3).

The annual direct groundwater inflow to Lake Erie (11.9 m?s~1) was
derived from integrated surface water-groundwater modeling results
(Xu et al., 2021). To estimate the groundwater flux to an individual lake
segment, the total groundwater inflow was prorated using the ratio of
the segment’s water surface area to the total water surface assuming 0.5
m®s~! for Lake St. Clair and 11.5 m® s ™! for Lake Erie. For Lake Erie this
yielded 1.5, 7.2 and 2.8 m? s7! for the western, central, and eastern
basin, respectively. The two major water diversions considered were the
Welland Canal (Fig. 1), which moves water from Lake Erie’s eastern
basin to Lake Ontario, and the Detroit public water intake, which
transfers Lake Huron water to the water supply system that subsequently
returns it to Lake St. Clair (average daily flow of 7.0 m® s~1, 2003 to
2015 data: DWSD, 2019). Consumptive water usage was obtained from
the Great Lakes Regional Water Use Database (GLC, 2019).

2.5. Total phosphorus (TP) budgets

For each lake and connecting channel segment, annual TP water
column standing stocks, inputs, and outputs were estimated and then
averaged over the 14 water years. The estimates combined water col-
umn volumes and water fluxes from the water budgets with mean TP
concentrations in water columns, tributaries, and other input and output
pathways. To estimate the removal of TP from the water column by
sediment deposition at the lake floor, we used the apparent settling
velocities reported by Chapra et al. (2016). These authors provide a
detailed discussion of these rates, including their spatial and historical
(pre-vs. post-1990) variability, and the possible reasons for their vari-
ability. Inter-basin TP exchanges in Lake Erie were separated between
advective and dispersive fluxes, where the latter fluxes were estimated
based on average annual TP concentration differences between adjacent
basins and reported bulk dispersion coefficients for turbulent transport
between basins (Tables 1 and 2). For Lake Erie, the TP mass balance was
first developed for the entire lake and then the estimated inter-basin P
exchanges were used to split the whole-lake TP budget into the three
basin-specific budgets.

Lake Erie TP concentrations were extracted from the U.S. Environ-
mental Protection Agency (USEPA) Great Lakes National Program Office
(GLNPO, 2020), which conducts two lake-wide offshore monitoring
cruises each year to characterize both the well-mixed spring (early
April) and stratified summer (August) conditions, with 6, 10 and 4
sampling stations in the western, central, and eastern basins, respec-
tively. Similar to previous studies (e.g., Chapra et al., 2016), represen-
tative annual basin-specific concentrations were obtained by averaging
the spring and summer median values to make the results less sensitive
to the outliers. Because there are no systematic in-lake monitoring data
of TP concentrations in Lake St. Clair, the TP concentrations measured in
the lake outflow (USEPA station #820017; Fig. 1) were used to represent
in-lake concentrations. This is justified by Lake St. Clair’s short hy-
draulic residence time (~ 10 days; Bocaniov and Scavia, 2018).

For any given water year, the TP standing stock in each of Lake Erie’s
basins was estimated as the product of the basin water volume times the
mean basin-specific TP concentration for that year. For Lake St. Clair,
the annual TP standing stocks were calculated as the lake’s annual water
volume times the mean annual concentration in the lake’ outflow to the
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Detroit River. Annual standing stocks of TP of the St. Clair River and
Detroit River channels were calculated by dividing the mean annual TP
load to the channel by the flushing rate, where the latter is equal to the
ratio of the mean annual water discharge divided by the channel vol-
ume. The TP removal via consumptive water use was calculated as the
annual rate of consumptive water use multiplied by the basin-specific
average annual TP concentration. TP loss due to changes in lake stor-
age was estimated as the annual rate of change of the volume multiplied
by the corresponding basin-specific average annual TP concentration.

Data on TP concentrations in inflows and outflows were extracted
from multiple sources, including the United States Water Quality Portal
(WQP, 2019), National Center for Water Quality Research at Heidelberg
University, Ohio (NCWQR, 2020), Michigan Department of Environ-
mental Quality (MDEQ), Provincial (Stream) Water Quality Monitoring
Network (PWQMN, 2019), Ontario Provincial Groundwater Monitoring
Network (PGMN, 2022), Great Lakes Intake Program (GLIP, 2019)
managed by the Ontario Ministry of the Environment, Conservation and
Parks (MECP), and Environment and Climate Change Canada (ECCC).

All tributary TP loads were estimated with the Weighted Regression
on Time, Discharge, and Season (WRTDS) method (Hirsch et al., 2010)
using reported concentrations and flow data. The WRTDS method,
however, could not be applied to the three connecting channels (St. Clair
River, Detroit River, and Niagara River) because the TP concentrations
and discharge flows are not correlated. Following Scavia et al. (2019a,
2019b), we therefore used the Generalized Additive Model (GAM,
Wood, 2011, 2017) to approximate daily TP concentrations as a function
of time, with the smoothing parameters selected with the Restricted
Maximum Likelihood (REML) method. The estimated daily TP concen-
trations and standard errors were multiplied by the corresponding daily
discharge flows to estimate daily TP fluxes and the associated un-
certainties. The daily estimates were then summed to generate annual
fluxes.

We applied GAM to calculate the TP loads at the inflow and outflow
locations of the St. Clair River and the inflow locations of the Detroit
River and Niagara River. As both flow and TP concentrations in the
downstream portion of the Detroit River are affected by water level
fluctuations in the western basin of Lake Erie due to surface seiches,
wind-driven water set-ups, and corresponding backflow, the annual TP
load delivered by the Detroit River to the western basin of Lake Erie was
estimated as the sum of the TP inflow flux from Lake St. Clair (21 MICH-
820,414; Table A7) plus the added TP loads from all the Detroit River’s
sub-watersheds. The TP outflow flux via the Niagara River was esti-
mated with GAM using gauged flow data and river TP concentrations
measured at ECCC’s Fort Erie station (Fig. 1). Due to its proximity to the
Niagara River, the Welland Canal’s TP outflow flux was estimated by
multiplying the reported daily canal water discharge by the same mean
daily TP concentration as for the Niagara River.

The estimates of tributary point source loads reported here corre-
spond to direct inputs downstream of the last monitoring station along a
river course (Maccoux et al., 2016; Scavia et al., 2019a, 2019b); any
upstream point source would have been captured by the monitoring
data. The TP concentrations associated with direct groundwater inputs
to Lake Erie were assumed equal to the median long-term TP concen-
trations observed in groundwater monitoring wells located within 8 km
of the shoreline, which represents the zone where most lake water—
ground water exchanges occur in the Laurentian Great Lakes (Xu et al.,
2021). On the Canadian side of Lake Erie, TP concentration data are
measured at 19 such groundwater monitoring wells covering all three
basins (Table A9). Similar data, however, are not available for the
United States side of Lake Erie (USGS, 2022). In addition, the Canadian
groundwater TP concentrations are only analyzed once a year. There-
fore, we decided to pool all of the available data from 2002 to 2019 to
derive a single TP median concentration value that was then systemat-
ically applied over the entire study period.

Over-lake atmospheric wet TP deposition was calculated as the
product of the volume-weighted mean rainwater TP concentration (p™%)
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and the amount of precipitation. The p™® values were based on data from
three ECCC wet precipitation gauges located on the east shore of Lake St.
Clair and, for Lake Erie, at Point Pelee and Rock Point (Fig. 1; Appendix
A5). The stations’ location coordinates and sampling methods are
described in Chan et al. (2003), and the concentrations are reported by
ECCC’s Water Quality Monitoring and Surveillance Division (WQMSD,
2019). The over-lake precipitation rates used were those given in GLERL
(2020b). Total (wet plus dry) over-lake TP deposition was estimated
using the average wet and dry TP deposition ratio for the continental
United States (Anderson and Downing, 2006).

Annual net TP sediment deposition rates for each of the three Lake
Erie basins and Lake St. Clair were calculated using the post-1990
settling velocities of Chapra et al. (2016), the mean basin-specific TP
concentrations and the corresponding lake bottom areas. The settling
velocities reported by Chapra and coworkers in previous Lake Erie TP
mass balance modeling are apparent parameters that were calibrated to
reproduce observed average open lake concentrations (Chapra et al.,
2016; Chapra and Dolan, 2012). As such, the effects of post-depositional
processes at the lake floor, including recycling of P from the sediments
back to the water column, are folded into the parameter values. In turn,
this implies that using these apparent velocities should yield lower limits
for our mass balance-derived internal P loads. As discussed further
below, we speculate that our relatively large internal load estimates
must in part reflect in-lake TP remobilization processes other than the
classical, redox-dependent efflux of dissolved P from the lake floor, as
already suggested by Chapra and Dolan (2012) and Chapra et al. (2016).
It is useful to note that the apparent settling velocities used in estimating
the internal TP loads in Lake Erie are in general agreement with the
relatively sparse direct field-based measurements (Bloesch, 1982), as
well as with the typical range of sedimentation rates of fine-grained
sediments (Kemp et al., 1977; Mortimer, 1987) together with reported
sediment TP concentrations in depositional areas of the Lake Erie basins
(Williams et al., 1976; see Appendix A6 for further details).

The inter-basin TP exchanges in Lake Erie were calculated with the
bulk horizontal eddy diffusion coefficients reported in Chapra et al.
(2016) multiplied by the differences in the mean annual basin-specific
TP concentrations between adjacent basins. Finally, the internal TP
loads to the water column of Lake St. Clair and Lake Erie’s basins that are
mobilized by in-lake processes were determined as the differences be-
tween all the estimated external inputs and outputs averaged over the
14-year study period.

2.6. TP relative residence times

The TP relative residence time is a useful parameter to gauge the
sensitivity of TP concentrations to in-lake processing (Janus and Vol-
lenweider, 1984; Sonzogni et al., 1976). It equals the ratio of the mean
TP residence time (Rp; yr) to the mean water residence time (Ry; yr).
Using the water and TP budgets, we computed Ry, and R, for Lake Erie,
its three basins, and Lake St. Clair: R,, was calculated as the ratio of the
mean annual water volume (in km®) to mean annual water supply (in
km? yr=1), while R, was calculated as the mean annual standing stock of
TP in the water column divided by annual external TP supply. For the St.
Clair River and the Detroit River, literature values of R, were used: 0.88
days for St. Clair River (Griffiths et al., 1991) and 0.83 days for Detroit
River (Derecki, 1984).

3. Results
3.1. Watershed delineation

The entire Lake St. Clair-Lake Erie drainage basin (77,213 km?)
comprises two sub-basins: the 17,711 km? Huron Erie Corridor (HEC)
watershed and Lake Erie’s 59,501 km? direct watershed (Table 3;
Fig. 2a). HEC includes the watersheds of Lake St. Clair (69% or 12,226
km2), the Detroit River (11% or 1986 kmz), and the St. Clair River (20%
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Table 3
Watershed areas (km?) of the Lake St. Clair-Lake Erie system.
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# System Total Area (TA) Monitored Area (MA) MA as % of TA [%]

Canada USA Total Canada USA Total Canada USA Total
1 HEC, including: 10,469 7242 17,711 6854 4936 11,790 65.5 68.2 66.6
1.1 St. Clair River 502 2997 3499 0 2031 2031 0.0 67.8 58.0
1.2 Lake St. Clair 9499 2727 12,226 6625 1901 8526 69.7 69.7 69.7
1.3 Detroit River 468 1518 1986 229 1005 1234 48.9 66.2 62.1
2 LE, including: 12,174 47,327 59,501 8724 36,594 45,318 70.4 77.3 75.9
2.1 West Basin 431 26,467 26,898 0 22,742 22,742 0.0 85.9 84.5
2.2 Central Basin 2710 14,764 17,474 1331 11,748 13,079 49.1 79.6 74.8
2.3 East Basin 9033 6096 15,129 7239 2104 9497 80.1 34.5 61.8
Total (HEC + LE) 22,643 54,570 77,213 15,424 41,531 56,955 68.1 76.1 73.8

Abbreviations: Huron-Erie Corridor (HEC), Lake Erie (LE), watershed area (WA).

or 3499 km?). The watersheds of Lake Erie’s three basins include the
western basin (45% or 26,898 kmz), central basin (29% or 17,474 kmz),
and eastern basin (26% 15,129 kmz). The total area covered by hydro-
logical and water quality data represents 74% of the total Lake Erie
drainage basin (Table 3). While the Canadian portion of the HEC
watershed is larger than the US portion (59% versus 41%), the US
portion of the Lake Erie watershed is the largest at about 80% (Table 3;
Fig. 2a).

3.2. Mean annual water budgets (2003 to 2016)

The volumes of Lake St. Clair and Lake Erie, averaged over the 14-
year period, were 4.6 and 501.0 km? (Table 4). Lake Erie”’s total vol-
ume was divided into the western (5.4% or 27.2 km?’), central (63.0% or
315.5 km3), and eastern (31.6% or 158.1 km>) basins. The mean vol-
umes of the St. Clair River and Detroit River channels were about 0.4
km? each (Table 4). The surface area of Lake St. Clair was estimated at
1114 km?, that of Lake Erie’s at 25,657 km? (Table 4). Lake Erie’s basin
surface areas were 3284 ka, 16,138 kmz, and 6235 km? for the west-
ern, central, and eastern basins, respectively.

Although there are many tributaries to the Lake St. Clair-Lake Erie
system (Fig. 1; Table 5) their flow contributions are relatively small
compared to the flow rates of the connecting channels. The St. Clair
River flow averaged 5042 and 5068 m® s~! at the channel’s inlet and
mouth (Tables 6, 7, B1 to B4; Fig. 2b), respectively. Lake St. Clair added
only 2.8% to the inflow from the St. Clair River, yielding an outflow to
the Detroit River of 5212 m® s%. The Detroit River flow increased by 23
m® s~ to 5235 m® s 7! at the outflow into the western basin of Lake Erie.
Lake Erie’s direct watersheds added 13.4% to the Detroit River flow for a
total Lake Erie outflow of 5935 m® s~! divided between the Niagara
River (96.7% or 5740.2 m® s™!) and the Welland Canal (3.3% or 194.5
m? s™1). Watershed inflows to Lake St. Clair and Lake Erie were esti-
mated at 142 and 799 m® s}, respectively.

On average, over-lake evaporation (31 and 716 m?3 s71) exceeded
precipitation (27 and 651 m® s™!) by about 15% and 10% in Lake St.
Clair and Lake Erie, respectively (Tables 6, 7, B1 to B4; Fig. 2b-c).
Consumptive water usage was very small (<0.5% of total lake inflow)
with a mean value of 23.5 m® s™L. The net losses in lake storage were
minor for both Lake St. Clair and Lake Erie (1.4 and 21.5 m?® s’l,
respectively), or <0.03% and 0.4% of the lakes’ outflows. Diversions
from Lake Huron by the Detroit Water Treatment Plant (Huron WTP)
and groundwater recharge were the smallest fluxes, accounting for 7 m>
s~ and 12 m® s, respectively.

3.3. Mean annual TP mass budget (2003 to 2016)

Lake Erie’s TP standing stock (5012 MT, Table 4) was equivalent to
45% of the lake’s yearly external input of TP (11,116 MTA,; see Figs. 3 &
4; Table 8). The TP standing stocks of the western, central, and eastern
basins were 540 MT, 3311 MT, and 1161 MT, respectively. Lake St. Clair
had a standing stock of 69 MT, and the St. Clair River and Detroit River

channels had standing stocks of 5 and 7 MT, respectively (Table 4).

The mean atmospheric deposition of TP (Table A10) ranged from 52
MTA for Lake St. Clair to 992 MTA for Lake Erie, with 127 MTA, 624
MTA and 241 MTA for the western, central, and eastern basins,
respectively (Fig. 3a-b; Tables 8, B7, B9 to B11). The over-lake atmo-
spheric TP loading represented <10% of the total external load for the
entire Lake St. Clair-Lake Erie system (1044 versus 11,703 MTA;
Table 8). Fluxes associated with changes in lake volume, consumptive
use, and ground water were all less important (Fig. 3). The median
groundwater TP concentration was about 20 mg P m (Table 9).

The largest external TP input to the Lake St. Clair-Lake Erie system
(8797 MTA) originated from the direct watersheds, with 3020 MTA,
2538 MTA, and 1455 MTA inputs to the western, central, and eastern
basins, respectively, 911 MTA to Lake St. Clair; and 208 MTA and 665
MTA to the St. Clair River and Detroit River, respectively (Table 8). The
mean input flux of TP from Lake Huron to the St. Clair River was 1862
MTA (Fig. 3a; Tables 6, 8, B6) and included 1100 MTA derived using the
monitoring data for the inflow from Lake Huron to the St. Clair River
plus an estimated 762 MTA generated by episodic events of coastal
erosion and resuspension that are not captured by the monitoring data
(Scavia et al., 2019a, 2019b, 2020, 2022). Including contributions from
the St. Clair River watershed (208 MTA), the total load delivered by the
St. Clair River to Lake St. Clair was then 2070 MTA.

The largest tributary to Lake St. Clair in terms of TP load was the
Thames River with a mean annual load of 429 MTA followed by the
Sydenham and Clinton rivers (170 and 145 MTA, respectively; Fig. 1;
Table 5). For Lake Erie, the Maumee River was by far the most signifi-
cant source of TP to the lake delivering alone a mean annual load of
2428 MTA, followed by the Sandusky (701 MTA) and Grand Ontario
(346 MTA) rivers.

The TP outflow from Lake Erie via the Niagara River was estimated at
4834 MTA using a mean TP concentration of 27 pg P L' based on
measurements of the inflow to the Niagara River (Fig. 3; Table 6, B4 &
B11). The annual loss of TP via the Niagara River plus the Welland Canal
then amounted to 4997 MTA. Our Niagara River outflow flux of 4834
MTA is close to the mean value of 4791 MTA obtained by Hill and Dove
(2021) who used data for the 2014-2018 period. Note that the TP
concentrations measured in the waters of the Niagara River are signifi-
cantly higher than the offshore TP concentrations of the eastern basin of
Lake Erie (mean = 7.3 pg P L™1; Table B5; Appendix A7).

The removal of TP from Lake Erie’s water column through sedi-
mentation at the lake floor was comparable in magnitude to the
watershed TP loading (Fig. 3; Tables 8, B6, B9 to B11): 807 MTA for Lake
St. Clair and 9676 MTA for Lake Erie divided into 3188 MTA, 5032 MTA,
and 1455 MTA for the western, central, and eastern basin, respectively.
Expressed per unit surface area, the TP deposition fluxes were 0.97,
0.31, and 0.23 g P m~2 yr’1 in the western, central, and eastern basin,
respectively, while in Lake St. Clair the rate was 0.72 g P m™2 yr~}
(Table 8). TP fluxes associated with changes in net water storage were
small and insignificant relative to other inputs and output pathways
(Tables 6, 8, B6 to B11; Fig. 3).
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Fig. 2. (a) Surface areas of the sub-watersheds of the Lake St. Clair-Lake Erie system, including total area and respective areas in the United States and Canada. (b, ¢)

3.1

Mean water budget of Lake St. Clair-Lake Erie system averaged over the 2003 to 2016 period, with (b) water fluxes inm” s
fluxes in b and c, the numbers in brackets are the original values which were adjusted to close the water budget. Numbers shown inside the boxes indicate the average
annual water volumes in km?.

and (c) in km® yr’l. For the evaporative
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Table 4
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Mean water volumes* (V), surface areas (A), mean depths (Zy,), water residence times (R,,), total phosphorus (TP) residence times (Rp), ratios of R,, to Ry, and standing

stocks of TP in water column. All values are averages for the 2003-2016 period.

Segment \'4 A Zy Ry R, Ry/Ry, TP standing stock in water column [metric tons]
[km®] [km?] [m] [day] [day] [-] April August Average

St. Clair River ~0.4 - - 0.88% 0.88 1.00 - ~5

Lake St. Clair 4.6 1114 4.1 10 8 0.81 - 69

Detroit River ~0.4 - - 0.83 0.83 1.00 - - ~7

Lake Erie, including: 505.8 25,657 19.7 953 312 0.33 6328 3699 5012

- Western Basin 27.8 3284 8.5 57 31 0.55 643 437 540

- Central Basin 318.7 16,138 19.7 595 180 0.30 4153 2473 3311

- Eastern Basin 159.3 6235 25.5 301 101 0.34 1532 789 1161

Note: * Based on mean water levels over 2003 to 2016 period: 175.95 (Lake St. Clair) and 174.16 (Lake Erie) meters above International Great Lakes Datum (1985); #,
Griffiths et al. (1991); %, Derecki (1984); Zy,, mean depth, calculated as the mean volume (V) divided by the mean area (A); summed numbers may not add up exactly

due to rounding effects.

Table 5

Selected major tributaries, rivers (R.) and creeks (Cr.) discharging into the Lake
St. Clair-Lake Erie system: names, drainage areas, mean annual flows and mean
total phosphorus loads for the period 2003 to 2016. For the locations of the
tributaries see Fig. 1.

D Tributary Name, Receiving Drainage Mean Mean
# State/Province segment area (km?) annual annual TP
flow (m* load
sh (MTA)
1. Black R., MI St. Clair 1841 13.2 95
2. Belle R., MI River 589 4.7 35
3. Pine R., MI 487 3.9 28
4. Clinton R., MI Lake St. 1916 19.5 145
5. Sydenham R., Clair 2676 28.7 170
ON
6. Thames R., ON 5875 74.3 429
7. Rouge R., MI Detroit 1230 13.8 107
8. Canard T., ON River 347 4.0 17
9. Huron R., MI Western 2378 19.3 29
10. Raisin R., MI Basin 2753 24.3 133
11. Ottawa R., OH 448 4.3 22
12. Maumee R., OH, 17,019 190.8 2428
ML IN
13. Cedar Cr., OH 537 6.9 71
14. Toussaint R., OH 370 4.8 49
15. Portage R., OH 1614 20.8 214
16. Sandusky R., OH  Central 3970 52.3 701
17. Huron R., OH Basin 1051 14.1 139
18. Vermilion R., 694 9.3 92
OH
19. Black R., OH 1458 21.5 191
20. Rocky R., OH 686 10.1 920
21. Cuyahoga R., 2102 41.7 322
OH
22. Chagrin R., 686 14.0 67
23. Grand R., OH 1828 32.8 243
24. Ashtabula R., 329 6.7 32
OH, PA
25. Conneaut Cr., 163 3.4 16
OH, PA
26. Big Otter Cr., ON 729 9.8 87
27. Catfish Cr., ON 393 4.7 43
28. Kettle Cr., ON 478 5.6 49
29. Chautauqua Cr., Eastern 207 4.3 20
NY
30. Cattaraugus Cr., Basin 1450 29.2 304
NY
31. Eighteenmile 311 5.9 61
Cr., NY
32. Buffalo R., NY 1049 20.0 205
33. Grand R., ON 6775 84.2 346
34. Nanticoke Cr., 199 2.2 11
ON
35. Lynn R., ON 172 2.2 5
36. Big Cr., ON 741 9.7 26

The combined output estimates systematically exceeded the external
inputs, especially for Lake Erie. To balance the TP budgets, 3563 and
220 MTA had to be added to the water columns of Lake Erie and Lake St.
Clair, respectively. For Lake Erie’s basins, the extra, in-lake sourced TP
amounted to 495 MTA for the western basin, 795 MTA for the central
basin, and 2273 MTA for the eastern basin (Fig. 3b; Table 8).

3.4. TP relative residence times

The mean hydraulic residence times (R,) ranged from 10 days for
Lake St. Clair to 953 days (~ 2.6 years) for Lake Erie (Table 4), with 57
days for the western, 595 days for the central, and 301 days for the
eastern basin. Mean TP residence times (R,) were systematically shorter
than hydraulic residence times (Table 4): R, was 8 days in Lake St. Clair
and 312 days in Lake Erie, with 31, 180, and 101 days for the western,
central, and eastern basins, respectively. The TP relative residence times
(Rp:Ry, ratios, Table 4) were 0.81 for Lake St. Clair, with values of 0.55
for the western basin, 0.30 for the central basin, and 0.34 for the eastern
basin of Lake Erie. The R,:R,, values for the St. Clair River and Detroit
River channels were indistinguishable from 1.

4. Discussion

Earlier Lake Erie phosphorus mass balances, generally based on data
for one or only a few years (Burns, 1976; Chapra, 1977; Chapra et al.,
2016; Chapra and Dolan, 2012; Chapra and Sonzogni, 1979), have
yielded valuable information on historical external loads and their role
in eutrophication. The 14-year averaged, post-2000 TP mass balance for
Lake Erie presented here extends these previous studies by capturing the
long-term TP cycling, that is, at time scales significantly exceeding the
hydraulic residence time of the overall lake system (Appendix Al). At
such time scales, the assumptions of steady state water and TP budgets
provide useful approximations to compare the magnitudes of TP inputs
and outputs for the entire lake system as well as those for individual
basins (Appendix A7). As we show, this comparison leads to the un-
avoidable conclusion that a significant fraction of the TP entering the
water column comes from sources that are activated by in-lake pro-
cesses. In the following sections, the TP budgets of Lake St. Clair and
Lake Erie’s three basins are discussed.

4.1. Lake St. Clair

Our estimate of the mean annual TP load to Lake St. Clair originating
from Lake Huron (1862 MTA) is up to three times higher than some
earlier proposed values (e.g., Dolan, 1993; Dolan and Chapra, 2012;
Dolan and McGunagle, 2005; Maccoux et al., 2016), but in agreement
with more recent assessments (Burniston et al., 2018; Scavia et al.,
2019a, 2019b, 2020, 2022). According to our results, Lake Huron con-
tributes 90% of the TP load carried by the St. Clair River, with the
remaining 10% coming from St. Clair River’s direct watershed. It further
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Table 6
Mean annual water and phosphorus budgets for the Lake St. Clair-Lake Erie system for the 2003 to 2016 period.
Component Water Budget (m®s™1) Phosphorus Budget (MTA)
USA Canada Total USA Canada Total

A. Lake Erie Indirect Watersheds:

1. St. Clair River watershed:

1.1 Inflow (at the inlet), including:
- load captured by monitoring programs
- load missed by monitoring programs

1.2 watershed loads 22.0
1.3 at the mouth

2. Lake St. Clair watershed:

2.1 inflow (St. Clair River)

2.2 watershed inflow/input 28.3
2.3 Precipitation/Atmospheric deposition

2.4 Evaporation (Overlake)

2.5 Net storage change

2.6 Consumptive use

2.7 Huron WWT

2.8 Direct ground water discharge

2.9 Sedimentation

2.10 Internal Load

2.11 Outflow

3. Detroit River watershed:

3.1 at the source (Lake St. Clair outflow)

3.2 watershed inflow/input 17.0
3.3 outflow (Detroit River at the mouth)

B. Lake Erie Direct Watersheds:
4. Lake Erie (all three basins):

4.1 inflow (Detroit River)

4.2 Western basin inflow/input 284.1
4.3 Central basin inflow/input 235.2
4.4 Eastern basin inflow/input 122.0
4.5 Precipitation/Atmospheric deposition

4.6 Evaporation (Overlake)

4.7 Net Storage

4.8 Consumptive Use

4.9 Direct ground Water discharge

4.10 Sedimentation

4.11 Internal Load, including:

- Western Basin
- Central Basin
- Eastern Basin
4.12 Estimated Output (TOTAL), including:
- Niagara River
- Welland Canal

5042.0 1862.3
1100.3
762.0
4.1 26.1 163.4 44.5 207.9
5068.1 2070.2
5068.1 2070.2
113.7 142.0 211.0 700.4 911.3
26.7 52.1
-30.6 -
-1.4 -0.5
0.0 0.0
7.0 0.0
0.5 0.3
—806.9
220.3
5212 2446.9
5212.3 2446.9
5.4 22.4 624.6 40.9 665.5
5234.7 3112.4
5234.7 3112.4
5.3 289.4 2996.7 23.0 3019.7
33.3 268.5 2278.4 259.8 2538.2
118.8 240.8 993.7 460.9 1454.7
650.7 992.1
-716.1 -
—-21.5 —6.2
—-23.5 -8.0
11.5 7.3
-9675.7
3562.6
495.4
794.5
2272.6
5934.7
5740.2 —4833.9
194.5 —163.2

Table 7

Segment-specific total (m®s~1) and areal (m yr’l) rates of water inputs and losses: watershed inputs (W), over-lake precipitation (P) and evaporation (E), inter-segment
exchanges (IB), consumptive water use (CU), direct ground water discharge (GR), and water storage change (4V) for St. Clair River (SCR), Lake St. Clair (LSC), Detroit
River (DR), Western Basin (WB), Central Basin (CB), Eastern Basin (EB), Lake Erie (LE), and Lake St. Clair-Lake Erie System (LES).

# Rates (units) Loads / Losses SCR LSC DR WB CB EB LE LES
1. w 26.1 142.0 22.4 289.3 268.6 240.8 798.7 989.2
P - 26.7 - 83.3 409.3 158.1 650.7 677.4
E - -30.6 - -91.7 —450.4 -174 -716.1 —746.7
IB 5042.0 5068.1 5212.3 5234.7 5511.5 5717.9 5234.7 5042.0
Total rates (m® s~ 1) Huron WTP" — 7.0 - - - - - 7.0
cU - - - -3.0 -14.8 -5.7 —23.5 —23.5
GR - 0.5 - 1.5 7.2 2.8 11.5 12.0
AV - -1.4 - -2.8 -13.5 -5.2 -21.5 -22.9
Segment outflow 5068.1 5212.3 5234.7 5511.5 5717.9 5934.7 5934.7 5934.7
2. w - 4.0 - 2.8 0.5 1.2 1.0 -
. 1 p - 0.8 - 0.8 0.8 0.8 0.8 -
Areal rates® (m yr ) E - ~0.9 - ~0.9 ~0.9 ~0.9 0.9 -
IB - 143.6 - 50.3 10.8 28.9 6.5 -

Note: * Total rates normalized to the segment surface area; "Huron WTP, Huron Water Treatment Plant.

implies that TP sourced from Lake Huron represents the largest fraction
(61%) of the total external TP input to Lake St. Clair, with the latter
estimated at 3042 MTA. In comparison, 2447 MTA leave Lake St. Clair
and flow into the Detroit River. Thus, about 19% of the external TP load

to Lake St. Clair is retained in the lake (Table 6), which agrees with
previous estimates (17%, Bocaniov et al., 2019; 21%, Scavia et al.,
2019b), hence illustrating the important role Lake St. Clair plays in
moderating the TP input into the western basin of Lake Erie.
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Fig. 3. (a) Mean TP fluxes (2003 to 2016) in metric tonnes per annum (MTA) for the major segments of the Lake St. Clair-Lake Erie system, with (b) showing
additional details for the three basins of Lake Erie. Numbers shown inside the boxes indicate the average annual standing stocks of TP in MTA. Summed loadings may

not add up exactly due to rounding errors.

Lake St. Clair’s mean internal TP load is estimated at 220 MTA
(Fig. 3a; Table 8). While this is about one order of magnitude less than
the external TP load, it is still a significant input considering the water
column TP standing stock of 69 MT (Table 4). A priori, a large internal
TP load may not be expected given that Lake St. Clair is shallow and well
mixed. Thus, a high internal P loading from the lake floor driven by
bottom water hypoxia (e.g., Parsons et al., 2017) would seem unlikely.
Other mechanisms, however, might be involved. For instance, the
Thames River discharge is extremely low in summer (Bocaniov et al.,
2019) and the downstream river reach itself may stratify vertically for a
few days to a week or longer. The river is located in a fertile fluvial valley
and carries high loads of fine-grained sediments enriched with nutrients
(Stone and Saunderson, 1992, 1996). Niirnberg and LaZerte (2015) have
suggested that this material can create a high sediment oxygen demand
and generate hypoxic episodes that may release highly bioavailable P
from the river sediments, which is then transported to the lake.
Furthermore, mixing of bottom sediments by shear stress can release
pore water and contribute to internal P loading as well (Tammeorg et al.,
2022).

Another potential TP source is loading from the St. Clair River delta.
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The lower reach of the St. Clair River empties into the lake through a
unique “burrowing” delta that slowly propagates downstream causing
erosion and lakeward transport of older sediment (Thomas et al., 2006).
The eroded material with the associated P enters the lake but is not
captured by the water quality monitoring stations in the St. Clair River
because these stations are located upstream of the delta (see Fig. 1,
water quality monitoring stations #3 and #4). Our mass balance results
therefore reinforce the need to consider internal P loading mechanisms
other than the “classical” redox-sensitive benthic P recycling from
recently deposited sediments.

4.2. Western Basin

The external TP load entering Lake Erie’s western basin via the
Detroit River (3112 MTA,; Tables 6 & 8; Fig. 3) is of similar magnitude as
the combined external load supplied from the western basin’s direct
watershed plus atmospheric deposition and direct groundwater input
(3148 MTA). The net internal TP load of the western basin is estimated
at 495 MTA (Tables Al & 8; Fig. 3b). In the western basin, a major in-
ternal P loading pathway is likely dissolved P efflux from the lake
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bottom sediments under reducing conditions (Gibbons and Bridgeman,
2020; Matisoff et al., 2016; Parsons et al., 2017) during intermittent
bottom water hypoxia (Jabbari et al., 2019, 2021; Rowe et al., 2019).
Nonetheless, other processes may also be involved, for example, the
supply of sediment-bound P via the Detroit River (Colborne et al., 2019).

Matisoff et al. (2016) estimated the gross internal P load to the
western basin in 2013 and 2014 to be around 593 MTA (range: 378 to
808 MTA; Table A1, ID#1), close to our 495 MTA estimate (Fig. 3b).
Phosphorus released from the bottom sediments is expected to be
rapidly incorporated into the food web, because intermittent hypoxia
that usually occurs from June to September (Jabbari et al., 2019)
overlaps with the formation of cyanobacterial blooms in June to early
October (Sayers et al., 2019). Thus, in addition to the Maumee River’s
spring TP loads that drive most cyanobacterial bloom models (Bertani
et al.,, 2016; Scavia et al., 2021; Stumpf et al., 2016), the hypoxia-
induced internal TP load could provide an additional bioavailable P
supply sustaining algal growth during summer-early fall, as proposed by
Matisoff et al. (2016). This explanation is also consistent with Ho and
Michalak (2017) and Scavia et al. (2023) who reported improved model
performance when the cumulative P load from previous years was added
as a surrogate for the P internal load.

Sediments in the western basin have been shown to be a source of
biologically available P and chemically reduced forms of N (e.g., NHZ)
that can contribute to support the non-nitrogen-fixing cyanobacterial
HABs (Microcystis blooms) typical of the western basin (Boedecker
et al., 2020). The estimated magnitude of the internal TP loading in the
western basin, however, is small compared to the basin’s external load
(495 versus 6256 MTA; Table 8). Thus, while the external TP load is
undeniably the main driver of HABs in the western basin, internal
loading from bottom sediments could be an additional, subtler, factor
modulating HAB dynamics in the basin — a role that deserves to be
investigated further.

5.0

|
Fig. 4. Simplified conceptual diagram of mean total phosphorus (TP) inputs and outputs (in 1000s of MTA) for Lake St. Clair (a) and Lake Erie (b) for the period of 2003 to 2016 based on the results presented in Fig. 3.
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© 4.3. Central Basin

Similar to the western basin, the TP loading to Lake Erie’s central
basin from the upstream lake segment (3563 MTA) is of comparable
magnitude to that supplied from the direct watershed plus atmospheric
deposition and direct groundwater input (3167 MTA). The Central Basin
also exhibits one of the largest known freshwater hypoxic zones in the
world with a maximum extent of up to 12,000 km? (Zhou et al., 2013:
Bocaniov and Scavia, 2016; Bocaniov et al., 2016, 2020). Hence, among
Lake Erie’s three basins, the central basin might be expected to be most
impacted by internal TP loading from sediments overlain by anoxic
bottom waters.

Based on our mass balance calculations, net internal TP loading
contributes 795 MTA, which fall in the range of 300 to 2400 MTA
proposed by Paytan et al. (2017) (see Niirnberg et al., 2019, for a critical

:
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addition, following fall turnover and the return of oxygenated condi-
tions, dissolved phosphate may be scavenged by oxidized Fe phases
settling to the lake floor (Burns and Nriagu, 1976; Manning et al., 1984).
Not unexpectedly, this suggests significant differences in the fate of the
internal P load released during the short-lived intermittent hypoxic
events in the shallow western basin and that produced by the
longer-duration stratification and hypolimnetic hypoxia of the deeper
central basin.
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Table 8

Ecological Informatics 77 (2023) 102131

Segment-specific total (MTA) and areal (g P m 2 yr~!) rates of total phosphorus (TP) inputs and losses: watershed inputs (W); inputs and losses due direct ground water
discharge, water consumptive use, and change in water storage (GR, CU and AV, respectively); over-lake total atmospheric deposition (A); inter-segment exchanges
(IB); internal loads (L), and sedimentation losses (S). See Table 7 for the segment full names.

# Rates (units) Loads / Losses SCR LSC DR WB CB EB LE LES
1. w 208 911 665 3020 2538 1455 7013 8797
GR - 0.3 - 0.9 4.5 1.8 7.3 7.6
CcU - - - -1.9 —4.8 -1.3 -8.0 -8.0
AV - -0.5 - —2.2 -2.8 -1.1 —6.2 —6.7
W =W+ GR+CU 208 912 665 3019 2538 1455 7012 8797
W** — W+ GR + CU + AV 208 911 665 3017 2535 1454 7006 8790
A - 52 - 127 624 241 992 1044
IB 1862 2070 2447 3112 3563 2485 3112 1862
Total rates (MTA) L - 220 - 495 795 2273 3563 3783
W+ A+ GR 208 964 665 3148 3167 1697 8012 9849
W+ A 208 963 665 3146 3162 1696 8004 9841
W +A+IB 2070 3034 3112 6258 6725 4181 11,116 11,703
W+ A+IB+L 2070 3254 3112 6754 7520 6453 14,679 15,486
w1 A 208 963 665 3144 3159 1695 7998 9835
w** LA+ IB 2070 3033 3112 6256 6722 4180 11,110 11,697
W LA+IB+L 2070 3254 3112 6752 7517 6452 14,673 15,479
S 807 3188 5032 1455 9676 10,483
Segment outflow 2070 2447 3112 3563 2485 4997 4997 4997
2. wH* - 0.818 - 0.919 0.157 0.233 0.273 0.328
A - 0.047 - 0.039 0.039 0.039 0.039 0.039
IB - 1.858 - 0.948 0.221 0.399 0.121 0.070
Areal rates* (g P m~2 yr~1) L . - 0.198 - 0.151 0.049 0.364 0.139 0.141
w* + A - 0.865 - 0.957 0.196 0.272 0.312 0.367
w** LA+ 1B - 2.723 - 1.905 0.417 0.670 0.433 0.437
W LA+ IB+L - 2.921 - 2.056 0.466 1.035 0.572 0.578
S - 0.724 - 0.971 0.312 0.233 0.377 0.392

Note: * Basin-wide rates normalized to the segment surface area.

Table 9
Total phosphorus (TP) concentrations (mg P L™!) in ground water monitoring
wells within 8 km of lake shorelines for the period of 2002 to 2019.

Location # of wells N Mean SD Median
Lake Erie Basin, including: 19 179 0.068 0.137 0.020
- Western Basin 6 68 0.026 0.069 0.012
- Central Basin 8 69 0.115 0.173 0.032
- Eastern Basin 5 42 0.060 0.133 0.020

Note: N, number of observations; Mean, mean value, SD, standard deviation;
Median, median value; for groundwater well locations and well characteristics
see Table A9.

4.4. Eastern Basin

The eastern basin is the coldest and deepest of Lake Erie’s three
basins. The largest fraction of the external TP loading to the eastern
basin is supplied from the upstream central basin (59%, 2485 MTA) with
a somewhat smaller contribution from the watershed, atmospheric
deposition plus groundwater inputs (41%, 1699 MTA). In contrast to the
other two basins, the eastern basin does not experience substantial
bottom water hypoxia, nor is it affected by large cyanobacterial blooms.
The estimated internal TP load for the eastern basin (2273 MTA;
Fig. 3b), however is the largest of the three basins. In contrast to the two
other basins of Lake Erie, the net internal TP load of the eastern basin
exceeds the basin’s combined external input from its watershed and air-
shed.

The “classical” internal P loading mechanism where dissolved P is
released from recently deposited sediments in response to bottom water
hypoxia cannot explain the inferred large internal TP load. Not only are
hypoxic bottom water conditions relatively rare but the estimated P
settling rate in the eastern basin is also the lowest of the three basins
(0.23 g P m~2 yr!, Section 3.3). Thus, other in-lake processes must be
responsible for generating the internal TP loading of the eastern basin.
These may include shoreline erosion and resuspension, not unlike the
delivery of Lake Huron sediment-bound TP to Lake St. Clair (see Section
4.1), as well as the nearshore phosphorus shunt caused by the filtering
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activity of invasive dreissenid mussels (Bocaniov et al., 2014; Hecky
etal., 2004). Chapra and Dolan (2012) further suggested that apart from
shoreline erosion and mussel grazing other input pathways may be
involved, for example nearshore P assimilation during benthic macro-
algal blooms (e.g. Cladophora) and the subsequent nearshore transport
of biomass-associated P to the eastern basin’s outlet after bloom
collapse. These processes would result in the preferential P enrichment
of the coastal waters of the basin, which subsequently flow out of Lake
Erie via the Niagara River and Welland Canal. While speculative, this
explanation would also account for the relatively high TP concentrations
measured at the mouth of the Niagara River (27 pg P L™}, Section 3.3).

4.5. Relative TP residence times

The relative TP residence times (R,/Ry,) provide a measure of the role
in-lake processes play in controlling the TP standing stock of a water
body. If TP behaves as a conservative tracer, then Rp/Ry, is equal to 1
(Janus and Vollenweider, 1984). This is the case for both the St. Clair
River and the Detroit River (Table 4). All P entering these channels is
rapidly (< 1 day) transferred to the downstream lake segment with
negligible in-channel processing. In the lake basins, however, Ry/Ry,
values deviate from 1. The Ry/R,, value for Lake St. Clair (Rp/Ry, = 0.81)
is still relatively close to 1, in line with the relatively short water resi-
dence time and, hence, limited time for extensive P cycling in the lake
basin. The much lower overall value for Lake Erie (R,/Ry, = 0.33) re-
flects the much longer water residence time (2.6 years; Table 4) that
enables a large in-lake retention of P. Of the 11,116 MTA combined
external loading to the three basins of Lake Erie, only 4997 MTA exit the
lake via the Niagara River and Welland Canal. Burial of P in sediments
accounts for almost all the missing 6119 MTA, with only 0.2% attributed
to the change in water column storage and consumptive use.

4.6. Some implications

The important role internal nutrient loads play in modulating the
trophic state of lake ecosystems is well recognized (Bostrom et al., 1982;
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Ekholm et al., 1997; Ho and Michalak, 2017; Isles et al., 2015; Markelov
et al., 2019; O’Connell et al., 2020; Orihel et al., 2017; Soranno et al.,
1997; Yang et al., 2020). The budget estimations presented here imply
that this is also the case for the large Lake St. Clair-Lake Erie system. Our
estimates suggest that internal P supply to the water column represents
close to a quarter of the total (external plus internal) P input to the entire
system. It explains why models of algal blooms in the western basin that
include a surrogate for the internal P load (Ho and Michalak, 2017;
Scavia et al., 2023) may perform better compared to existing statistical
(e.g. Bertani et al., 2016; Stumpf et al., 2016) and mechanistic ecological
models that do not account for internal P loading.
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