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ABSTRACT: Freshwater ecosystems worldwide face persistent eutrophica-
tion and harmful algal blooms (HABs), driven primarily by external
phosphorus (P) inputs from agricultural runoff. However, internal P loading
remains poorly quantified in eutrophic systems such as Lake Erie, which store
substantial legacy P pools within benthic sediments. Here, we resolved
system-wide internal P loading from sediment resuspension, an overlooked
but significant P cycling pathway. During the observed event, sediments
released 2.3−11 × 10−2 g m−2 of bioavailable P, 22−256× greater than
previously reported aerobic diffusive fluxes, highlighting resuspension as a
major episodic internal P source in western Lake Erie. Using Sentinel-3
remote sensing reflectance, we quantified changes in suspended particulate
matter (SPM) (ΔSPM) with a single-wavelength semiempirical algorithm that enabled a mechanistic, spatially resolved framework
linking benthic sediment traits to satellite-derived SPM for basin-wide P release estimates during resuspension. Beryllium-7 analysis
showed that repeated sediment mixing reworks multiyear deposits and remobilizes legacy P when resuspended. Compared to
Maumee River spring P targets, this single event contributed ∼4.8% and ∼7.0% to total and soluble reactive P, respectively.
Quantifying resuspension-driven P loads is expected to better constrain interannual HAB variability and contribute to assessing
nutrient management outcomes for Lake Erie and similar aquatic systems.
KEYWORDS: internal phosphorus loading, legacy nutrients, sediment resuspension, benthic biogeochemistry, aquatic biogeochemistry,
remote sensing

1. INTRODUCTION
Earth’s natural biogeochemical processes are interlinked, and
this coupling across aquatic, terrestrial, and atmospheric
systems is increasingly reshaped by anthropogenic influen-
ces.1,2 Lake Erie exemplifies this transformation of natural
system functioning, as intensive agriculture, climatic variability,
and invasive species contribute to the eutrophication of Lake
Erie, leading to severe harmful algal blooms (HABs)3 and
increased hypoxia in the central basin.4 In freshwater
ecosystems, land-use change is often the most substantial
contributing factor to eutrophication. Point (e.g., industrial)
and nonpoint (e.g., agricultural) sources elevate the concen-
tration of phosphorus (P), a key limiting nutrient, altering
nutrient stoichiometry and shifting ecosystem dynamics
toward cyanobacterial blooms (e.g., Microcystis in western
Lake Erie, WLE).5−10 Current understanding of eutrophication
is mostly derived from more easily observed external P inputs
from tributaries,3,5,11 while the complex array of processes
associated with internal phosphorus cycling remains under-
observed.12−17

The reintroduction of legacy phosphorus (i.e., phosphorus
accumulated in lake sediments from historical nutrient inputs)
into the water column via internal pathways can significantly

influence the overall phosphorus budget in shallow, eutrophic
freshwater systems.18,19 However, quantifying internal P
loading magnitude at the ecosystem scale has remained
elusive, with observations spatially limited to small-lake studies
and sediment incubations, and whole system studies limited to
nutrient models.14,20−22 For large aquatic systems such as Lake
Erie, the diffusive flux is treated as the primary internal
phosphorus loading term based on relatively steady states of P
release under oxic and anoxic conditions.23−25 Episodic
loading from sediment resuspension has not been discretely
characterized in these systems, despite the potential of these
events to significantly elevate internal P loading and net
sediment contribution to water column P, even relative to
tributary loading.18,26

In Lake Erie’s western basin, the Maumee River delivers
approximately 2.7 × 106 kg of phosphorus annually from
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agriculture covering 72% of the watershed, including >70% of
cropland using tile drainage that rapidly transports excess
nutrients to tributaries.11,27,28 This external loading drives first-
order variability and severity in annual HABs,27,29,30 and
regulatory efforts have established “spring P target loads” to
reduce these tributary inputs.31 However, considerable
variability in bloom extent and severity remains unexplained
by tributary inputs alone, particularly during severe HAB
years,3,30 with internal phosphorus loading emerging as the
largest unknown factor32 that could play a significant role in
observed bloom dynamics.15,17,24,33,34 This internal cycling
involves processes such as diffusive flux,35 biological
excretion,36 and sediment resuspension-driven by storms and
wind-induced mixing,14 and has been shown to mute or delay
the ecosystem response to changes in external nutrient inputs
via ‘ecosystem memory’.19,34,37

Diffusive fluxes have received the most attention due to
more accessible rate measurement methods,24,35 while wind-
driven resuspension and bioturbation remain less studied,
despite their significant contributions to ambient phosphorus
concentrations, as they are harder to constrain and
quantify.18,38 In Lake Erie, wind-driven sediment resuspension
can be well observed by satellite sensors using established
suspended particulate matter (SPM) algorithms,39 where
physical sediment mixing releases phosphorus from sediment
pore water and loosely bound sediment fractions into the water
column. This material is likely to become bioavailable and can
be rapidly integrated into biomass.40−42 Moreover, as severe
weather events intensify with shifting weather patterns,
sediment resuspension events are expected to increase,43

amplifying internal phosphorus loading, and potentially
shifting water quality improvements despite nutrient manage-
ment efforts.19,44

This study characterizes sediment phosphorus biogeochem-
istry and deposition history from in situ observations and
scales these insights using satellite observations to quantify the
role of sediment resuspension in phosphorus cycling across
western Lake Erie. We address: (1) what is the spatiotemporal

history of P deposition, and what sediment layers actively
exchange with the water column during resuspension events?
and (2) what is the spatiotemporal P content of sediment, and
what portions of the P pool are likely to be released and
bioavailable during sediment resuspension events? We
quantified sediment phosphorus fractions in the upper 5 cm
along a gradient of Maumee River influence, characterized
physical reworking of sediments using beryllium-7 (7Be) with a
half-life (T1/2) of ∼ 53 days, and compared estimations of total
and bioavailable phosphorus (TP and BioP) from sediment to
in situ water column observations during a May 2023
resuspension event. Finally, we applied a validated SPM
algorithm to satellite observations to provide event-scale
estimates of the phosphorus loading. Through this approach,
we offer a comprehensive assessment of internal P loading
from sediment resuspension and its implications for
phosphorus cycling, water quality, and nutrient management
in Lake Erie and similarly impacted freshwater systems.

2. MATERIALS AND METHODS

2.1. Study Site
The western basin of Lake Erie (Figure 1) is the shallowest portion of
the lake (mean depth ∼ 7.5 m, max ∼ 19 m), receiving major inflows
from the Detroit, Maumee, and Raisin Rivers.11,45 The Detroit River
supplies ∼80% of water input from the upper Great Lakes, while the
Maumee River, draining ∼17,000 km2 of agricultural land,3,11 carries
>1.2 × 109 kg of sediment annually and delivered spring TP and
soluble reactive phosphorus (SRP) inputs of 1.1−2.0 × 106 kg and
2.2−4.0 × 105 kg (∼20% of TP), respectively, during 2017−2021.45,46
The peak discharge from spring snowmelt and rain fuels extensive
algal blooms during summer, when the western basin is generally well-
mixed with only occasional stratification.31,32,43 Prevailing southwest-
erly winds, shallow depth, and broad fetch of the western basin result
in frequent resuspension and redistribution of fine bottom sedi-
ments.26,43

2.2. Sample Collection and Preparation
Surface sediments (n = 12) were collected in May and August 2022
by using a Ponar grab. Sediment cores were collected using a GMX-25

Figure 1. Western Lake Erie showing sampling sites for the water column and sediment parameters with a reference map as an inset.
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Gomex box corer (Ocean Instruments) at stations WLE1, WLE13,
WLE14, and WLE15 in April−June 2023, and April, June, and August
2024 (excluding WLE13; Figure 1). At each station, 4−6
polycarbonate cores were sectioned onboard at 1 cm intervals to 5
cm depth, and replicates were composited. Sediments were dried at
60 °C (∼72 h), homogenized, and sieved to ≤63 μm before
phosphorus fractionation and metal analysis to remove coarse sand
and mussel shell fragments.
Surface water samples (1 m depth) were collected at all stations

(Figure 1) in 2023−2024 for TP, SRP, and SPM. SRP samples were
immediately filtered (0.45 μm nylon filters) and acidified to pH < 2
(5.5 M H2SO4). Whole-water samples for TP were acidified
immediately and refrigerated. SPM samples were collected by filtering
water through precombusted (450 °C, 4 h) and preweighed glass fiber
filters (0.7 μm) and stored at −20 °C. For SPM 7Be analysis, ∼300−
800 L of water per site was filtered through a 0.45 μm cartridge filter
using a high-volume pump and frozen until analysis. After
resuspension, WLE13, WLE14, and WLE16 were resampled to detect
changes in water column TP, SRP, and SPM.

2.3. Sample Processing and Analysis
Detailed sample processing and analytical procedures are provided in
the Supporting Information (Section 2). Key methods are
summarized below. Total phosphorus (particulate + dissolved P) in
water was determined by digesting samples within 2 weeks of
collection following EPA Method 365.147 using a 50 mL aliquot of
the sample with 1 mL of 5.5 M H2SO4 and 0.4 g of (NH4)2S2O8. SPM
filters were dried at 105 °C for 24 h and reweighed to determine SPM
concentration (Supporting Information Methods Section 2.1).48−50

High-volume cartridge filters were dried at 60 °C, retrieved from the
outer casing, and placed in Marinelli containers for 7Be analysis.
Metals from sediment were extracted using USEPA Method

3050B51 (described in Supporting Information Methods Section 2.2),
and metal data for 2016 were obtained from Yuan et al.52 for
comparison with recent observations (2022−2023). Phosphorus
fractionation for 2023 core samples followed a modified five-step
sequential extraction53 using NaCl to extract loosely bound P, sodium
bicarbonate-dithionite (NaBD) for redox-sensitive P, NaOH for Al/
Fe oxide-bound P, HCl for Ca-bound P, and persulfate digestion for
residual organic P (described in Supporting Information Methods
Section 2.2). We define BioP as the labile fraction of TP, including
loosely bound, redox-sensitive, and Al/Fe oxide-bound P fractions,
that can be released during resuspension and contribute to dissolved
SRP.54 SRP is the immediately bioavailable form of P measured in a
water column.
Water column SRP, sediment-extracted P, and digested TP were

measured (mg P L−1) as phosphorus using a Seal AQ2+ Automated
Discrete Analyzer following EPA Methods 118 A and 134 A,
respectively at Cleveland State University,55,56 with TP and SRP from
2023 independently analyzed at University of Wisconsin-Milwaukee’s
School of Freshwater Sciences for quality assurance. Metals were
analyzed via inductively coupled plasma mass spectrometry (ICP−
MS). 7Be activity was determined using either an EG&G Ortec
lithium-drifted germanium detector or an intrinsic germanium
detector, coupled to a multichannel analyzer in a shielded room
and calibrated using spiked sediment samples.57,58

Samples were analyzed in duplicate or triplicate, with accuracy
verified using certified reference materials, including BCR-684 for
sediment P fractionation, spiked samples, and independent reference
standards (RICCA, 1 mg P L−1 and DIONEX, diluted to 1 mg P L−1)
for AQ2+. Spike recoveries for AQ2+ ranged from 85% to 105%.

2.4. Satellite SPM Estimation
We used the full-resolution (300 m) Level 1B Top-Of-Atmosphere
(TOA) radiance product from the European Space Agency’s Sentinel-
3A/B Ocean and Land Color Instrument (OLCI) from NASA’s
Atmosphere Archive and Distribution System Distributed Active
Archive Center (LAADS.DAAC)59 to quantify SPM and phosphorus
in western Lake Erie. The Level-1B data were atmospherically
corrected using POLYMER in optically complex inland waters,60 and

retrieved water-leaving reflectance (ρw = πRrs) at 665 nm was then
used to estimate SPM (Figure 2a,b) using eq 14 from Nechad et al.39

The algorithm performance was validated using in situ SPM and
radiometry collected from 117 sites across the Great Lakes, including
78 sites in Lake Erie (2023−2024). In situ reflectance was measured
using a hand-held SpectraVista Corporation HR-512i spectroradi-
ometer following methods outlined by Mobley et al.61 and the
IOCCG protocol.62 Surface effects were corrected using the approach
of Groetsch et al.63 Sediment resuspension pixels were identified from
difference in satellite-derived SPM (ΔSPM) between May 26, 2023
(observed resuspension event) and the closest clear sky preresus-
pension image on May 18, 2023 (Figure 2), agreeing well with in situ
measurements from May 23−24, 2023. Pixels were classified as
resuspended when the percent change in SPM exceeded the SPM
algorithm uncertainty threshold [13.9%, expressed as root-mean-
square error (NRMSE) normalized by the range of observed SPM
concentration; Figure S1].
2.5. Spatial and Temporal Variability of Sediment
Phosphorus Fractions
Using one-way ANOVA, we assessed temporal variation within each
station by comparing P fractions across months (April-June) with
sample sizes ranging from n = 10 to 20. Spatial variations were
evaluated by comparing P concentrations among core stations within
each month (n = 20). Post-hoc pairwise comparisons for specific
months and station pairs were performed using Tukey HSD (α =
0.05). The spatial coefficient of variation was calculated as the

Figure 2. Satellite-observed changes in suspended particulate matter
(ΔSPM) across Lake Erie. SPM distributions were derived from
POLYMER atmospherically corrected Sentinel-3A/B OLCI reflec-
tance at 665 nm using the Nechad et al.39 algorithm. Panels (a,b)
show SPM concentrations (g m−3) on May 18 and May 26, 2023, and
panel (c) shows the change in SPM (ΔSPM, g m−3) between these
dates across Lake Erie for pixels where the relative change in SPM was
greater than the algorithm performance threshold (NRMSE ≤ 13.9%).
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standard deviation of the P fraction concentration divided by its mean
across stations for each month.
2.6. Calculations and Estimates
To estimate the rates at which particles are redistributed within the
upper sediment column, we calculated sediment vertical mixing rates
(Db) by fitting eq 164 to each sediment 7Be profile (Figure S2a,b) for
2023

= ×A A D z(dpmcm ) expT
2

b

i
k
jjjjj

i
k
jjjj

y
{
zzzz

y
{
zzzzz (1)

where A is 7Be activity (dpm cm−2) at depth z (cm), AT is surface
activity of a well-mixed layer (0−1 cm; dpm cm−2), λ is the
radioactive decay coefficient (days−1) (calculated as ln(2)/T1/2), and
Db is the mixing coefficient (cm2 y−1), assumed to be constant over
0−5 cm.64 Mixing depths (h) were calculated as the depth over which
7Be-tagged particles could redistribute by mixing at the estimated Db
during the tracer’s average life (τ ∼ 77 days)57,65

=h D(cm) b (2)

Using 7Be total inventories, i.e., the sum of 7Be activity at all
sediment depths (Ised), the steady state flux (Jsed) was calculated as

= ×J I(dpmcm day )sed
2 1

sed (3)

This flux represents the 7Be-bearing particle deposition rate. As 7Be
attaches rapidly to suspended particles,64 water column particle
residence time (Tres) was calculated using SPM 7Be activity (Aw, dpm
m−3), Jsed, and water column depth (as D) as

= ×
T days

A D
J

( )res
w

sed (4)

Using particle residence time, settling rates of particles were also
calculated as

= D
T

settling rate (mdays )1

res (5)

The time-averaged 7Be depositional flux (JBe, dpm cm−2) from
inventory changes between sampling dates after correcting for
radioactive decay

= [ ]
J

I I t
t

(dpmcm day )
exp( )

1 exp( )Be
2 1 2 1

(6)

where I1 and I2 are 7Be inventory at successive sampling month (dpm
cm−2), and t is the time between the two sampling dates (days). The
sediment mass accumulation rate was then estimated by converting
this 7Be flux to sediment flux using measured mass-specific 7Be
activity of SPM (Aspm) (dpm g−1) as

=AR
J

A
accumulation rate ( ) (gcm year )2 1 Be

spm (7)

Dry bulk density (ρb, g cm−3) and porosity (ϕ) were calculated
from sediment dry mass, assuming particle density (ρd) of 2.45 g
cm−3.66 Erosion depths from resuspension were estimated using
equation adapted from Niu et al.67

=
×

×
ED

SPM SPM D
erosion depth ( )(cm)

( )
(1 )

after before

b (8)

where SPMbefore and SPMafter represent SPM concentrations before
and after resuspension (g m−3). The product of this in situ change in
SPM (ΔSPM) and D gives the mass of sediment resuspended
(Mresuspended, g m−2) at each coring station (Figure 1). Similarly,
changes in water column TP (ΔTPwater, g m−2) and SRP (ΔSRPwater, g
m−2) were estimated over the water column depth. For a realistic
estimate of P associated with resuspended bed sediment, thickness-
weighted average P concentration (Psediment, g m−2) was calculated
over the estimated eroded layer (from eq 8), accounting for depth-
specific P concentration and partial erosion of the deepest layer (

=P ED z( )n i
n

i1
1 ). This P concentration, averaged over the erosion

depth, was then multiplied by Mresuspended to estimate TP mobilized
and BioP released (TPsediment and BioPsediment) during resuspension

=
+

×

= =P
P z P ED z

ED
M

(gm )
( ) ( )i

n
i i n i

n
i

sediment
2 1

1
1
1

resuspended (9)

where Pi is the TP or BioP concentration in sediment layer i (mg g−1),
Δzi is the thickness of layer i (cm), and n is the index of the layer that
is partially eroded (the last layer reached by erosion depth). Sediment
P quantifications were also scaled to satellite observations using

Figure 3. Stacked bar plots showing depth-integrated 7Be activity profiles across Lake Erie core sites at 1 cm depth intervals (0−1, 1−2, 2−3, 3−4,
and 4−5 cm) for (a) 2023 and (b) 2024, highlighting temporal changes in observed penetration depth and inventories. Values below each bar
denote the total 7Be inventory (dpm cm−2) for that sediment core.
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= ×P P SPM(gm )scaled
3

sediment (10)

where Pscaled represents satellite-derived internal loading (TPscaled and
BioPscaled) using P̅sediment that is the mean bed sediment concentration
(of TPsediment and BioPsediment, g m

−3) averaged across sampled depths,
stations, and months in 2023, and the satellite-derived ΔSPM,
providing first-order system-wide mechanistic quantification of
internal P loading. Satellite-based site-specific P loads (TPsatellite and
BioPsatellite, g m−2) were calculated using eq 9, with Mresuspended and ED
derived from satellite-based ΔSPM from a single pixel colocated with
each sampling site and corresponding pixel-specific water depth from
the NOAA bathymetry data set.68

3. RESULTS

3.1. Dynamic Sediment Processes and Their Implication
for Phosphorus Cycling

In dynamic systems such as Lake Erie, the short-lived 7Be
radionuclide (T1/2 ∼ 53 days; average life of ∼77 days) binds
to fine particles and decays on time scales comparable to short-
term depositional processes, thus typically confined to surface
sediments. However, its detection below the uppermost layer

in sediment cores indicated a vertical redistribution of recently
deposited material by sediment mixing (Figure 3). Sediment
resuspension or dilution from older 7Be-depleted deposits can
reduce the intensity of surface signals relative to the underlying
sediments. Among shallower nearshore sites (relative to the
Maumee River), WLE13 showed overall lower but more
variable 7Be inventories, including periods of minimal activity
in May 2023 (Figure 3a). Coarser sediment (lower porosity,
∼63−89%) and mussel shells observed at this site indicated
frequent resuspension and preferential removal and transport
of finer, 7Be-bearing particles,57,64,66 resulting in limited
deposition of new material, also evident from lower mass-
specific SPM 7Be activity (6.62 dpm g−1; Table S1). Station
WLE1, near the Maumee River mouth, displayed higher and
relatively constant 7Be activities to depths of 2−3 cm (Figure
3a), reflecting a balance between river-derived deposition of
freshly tagged material and its frequent resuspension. Also, a
shorter fetch under the prevailing southwesterly wind
climatology likely reduces the frequency and intensity of
sediment resuspension and dispersal compared to WLE13,

Figure 4. Sediment phosphorus fractions and their spatiotemporal variability in western Lake Erie sediments in 2023. Panels in (a) show relative
depth profiles of P fractions (loosely bound, redox-sensitive, Al/Fe oxide-bound, Ca-bound, and organic) at 1−5 cm intervals for April, May, and
June, at different core stations, and (b) panels show boxplots of absolute concentrations (mg g−1) for BioP fractions (loosely bound, redox-
sensitive, and Al/Fe oxide-bound) and TP across stations. Monthly differences highlight shifts in bioavailable pools and TP, with statistical
significance indicated (*p < 0.05, **p < 0.01, ***p < 0.001). Boxes show the interquartile range (IQR) with medians, whiskers represent 1.5 ×
IQR, and circular markers denote outliers.
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promoting sediment accretion. Offshore stations, WLE14 and
WLE15, generally exhibited higher 7Be activities than
nearshore sites with signal reaching up to 4−5 cm (Figure
3a,b), indicating deposition and vertical mixing of 7Be-tagged
particles into deeper layers. Higher proportions of fine-grained,
dark-colored sediment with higher organic content, and
porosity (up to 92% at WLE15) further supported their
characterization as focusing/depositional zones in western
Lake Erie.66 These results are consistent with observed spatial
patterns in SPM variability from satellite, showing higher SPM
concentrations at shallow nearshore sites, indicating greater
dispersal from these sites (Figure 2b,c).39

To further understand the sediment dynamics, we estimated
vertical mixing rates, mixing depth, particle residence time,
settling rates, and accumulation rates (using eqs 1−7) based
on the 7Be inventories in sediment and SPM. Sediment
resuspension increases these rates by physically disturbing and
reworking sediments at higher intensity, promoting deeper
mixing (higher mixing depths), as observed in WLE14 and
WLE15. Such events also increase particle residence time in
the water column and reduce settling rates, while a short
residence time indicates rapid settling.57 At nearshore WLE1,
lower vertical mixing rates (Db) showed relatively calm periods
(14.5 to 29.8 cm2 yr−1; Figures S2 and S3) that promoted
accumulation of freshly 7Be-tagged material and occasional
homogenization of sediment depths up to ∼3−5 cm (April and
May 2023; June and August 2024; Figure 3a,b). During spring
2023, between April and June, the mixing rates increased at
WLE1 (from 14.5 to 70.51 cm2 yr−1; ≈5×) and WLE13 (from
5.43 to 69.6 cm2 yr−1; ≈12×), and surface 7Be activities (0−1
cm) decreased below subsurface values, indicating erosion of
surface sediments from intensified weather conditions (Figure
3a). Particle residence time at WLE1 extending to ∼ 11 days

(from 1−2 days; Table S2) and decreased mass-specific 7Be
activity of SPM (from 18.58 to 7.15 dpm g−1; Table S1)
showed mobilization of older bed material rather than newly
delivered particles. The nearshore reductions in 7Be inventories
coincided with higher offshore inventories at WLE14 (Figure
3a), and elevated mass-specific SPM activities at both WLE14
and WLE15 (39.9 and 26.6 dpm g−1) support offshore
transport and accumulation of fine, freshly 7Be-tagged particles
despite episodic resuspension.
Offshore stations also exhibited higher particle settling rates

and shorter residence time (1.9−4.7 m d−1 offshore vs 0.5−2.3
m d−1 nearshore; Table S2), favoring efficient deposition of
young particles, and resulting in lower 7Be-tagged suspended
loads (0.03−0.14 dpm L−1) compared to the shallower sites
(0.21−0.24 dpm L−1). Depositional zones also showed a
greater estimated sediment accumulation rate (3.2 g cm−2 yr−1;
eq 7), deeper 7Be penetration, and mixing depths (Figure 3a,b
and Table S3). These sites experienced occasional episodic
erosion as well, including during the observed May 2023
resuspension event and evidently from June 2023 dynamics
showing increased mixing rates (up to ∼200 cm2 yr−1) and
reduced surface (0−1 cm) 7Be activities below subsurface
levels (Figure 3a), similar to nearshore sites. This was further
supported by 7Be inventories at WLE14 declining faster than
radioactive decay between May and June 2023 (Figure S4a)
due to the removal of 7Be-tagged particles. In 2024, mixing
rates declined toward August (Figure S3), while 7Be
inventories increased over the same interval (Figure 3b),
highlighting a trend toward more stable deposition consistent
with prevailing wind climatology for this region.26,43

Resuspension and mixing of benthic sediment dictate
whether sediment-bound P is stored or remobilized. Our 7Be
results, together with sediment characteristics and lower mass

Figure 5. Conceptual representation of sediment resuspension and associated internal phosphorus loading in western Lake Erie based on the
observed May 2023 resuspension event. Each panel shows the mass of in situ sediment resuspended (g), water column depth (m), and erosion
depth (cm) for three sites observed during the sediment resuspension event: (a) WLE13, (b) WLE14, and (c) WLE16. Bar graphs compare
observed water column change in TP and SRP (g m−2) (ΔTPwater and ΔSRPwater as dotted bars), TPsediment and BioPsediment as solid bars, and
TPsatellite and BioPsatellite as striped bars. The P concentration for each estimate is integrated over erosion depth. Note that y-axis scales differ among
panels, with values at WLE13 an order of magnitude higher than at the offshore sites. Each core section below the water column schematic shows
measured porosity values across the upper 5 cm of sediment, with the color scale on the left corresponding to observed porosity in May.
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accumulation rates at WLE1 and WLE13 (0.50 and 1.98 g
cm−2 yr−1, respectively), indicated higher nearshore erosion,
favoring dispersal of fine particles and associated legacy P
toward offshore depositional sites. Because of periodic mixing
and resuspension, nearshore and offshore depositional zones
are not permanent archives of age-stratified external inputs, as
mixing homogenizes upper layers and episodically resuspends
material to the water column. This is consistent with vertical
profiles of P fractions within the upper 0−5 cm, showing no
significant differences in concentration (Figure 4a; p > 0.05;
Table S4) and low variability in percent composition with
depth (typically <3.5%). Stable metal distributions in these
cores and across western Lake Erie from 2016-2023 also
support these results (Table S5).52

Statistical ANOVA results revealed that most P fractions
showed higher spatial (degree of freedom = 3 between stations,
16 within groups) variability in April and May of 2023, due to
higher concentrations at WLE1 and WLE13 from the Maumee
River spring loading (Figure 4b). By June, P fraction
concentrations increased at offshore sites while decreasing at
nearshore sites (Figure 4b), reducing the spatial coefficients of
variation from ∼17−50% to 50% and from ∼8 to 35%. Redox-
sensitive P was proportionally higher offshore due to
preferential accumulation of fine-grained particles providing
abundant Fe/Al oxyhydroxide surfaces for phosphate adsorp-
tion and deposition with settling organic matter.40,69 Overall,
our 7Be and P data showed that legacy P is repeatedly
reworked and mixed with newer inputs through resuspension,
with nearshore erosion and offshore focusing controlling where
P is stored and when it is remobilized, thereby influencing
internal loading.
3.2. Mechanistic Understanding of Phosphorus Release
during Sediment Resuspension

In western Lake Erie, resuspension events are episodic but
influential, driving repeated cycles of erosion and redistribution

before permanent burial of sediment and associated
phosphorus (Figure 3).52,57 Typically, the water column TP
scaled linearly with SPM (Figure S5a), showing a stronger first-
order relationship across 2023 and 2024 (R2 = 0.73 and R2 =
0.66, respectively) than TP versus chlorophyll a (Figure S5b).
The May 2023 resuspension event departed from this
background regime, showing elevated particle concentrations
but a lower TP content (Figure S5a). In a steady-state system
with burial/export as the primary phosphorus loss pathway, we
would expect to observe similar TP concentrations between
the water column and benthic sediment. However, the lower
TP/SPM ratio suggested significant recycling of TP from
resuspended particles.66 Estimated settling rates indicated
prolonged particle residence times in the water column (Table
S2), highlighting P recycling through diffusive flux or sediment
resuspension, and potentially exporting material to Lake Erie’s
central basin.26,43 To evaluate this, we considered phosphorus
release to the water column during an observed resuspension
event.
In May 2023, water column conditions observed before and

during sediment resuspension illustrated its significant role in
mobilizing TP and releasing BioP to the water column (Figure
5a). The observed water column, sediment-derived, and
satellite estimations of P mobilization from bed sediments
during resuspension displayed spatiotemporal patterns, with
WLE13 showing the highest increase in SPM, TP, SRP, and
BioP (an order of magnitude higher; Figure 5). These
observations were consistent with 7Be results, which identified
WLE13 as the most frequently resuspended shallower site with
a higher sediment P content in May 2023 (see Results Section
3.1). Thus, the magnitudes of SPM, TP, SRP, and BioP
increased toward the Maumee River and decreased offshore,
showing how differences in porosity and erosion depth drive
variation in resuspended sediment and internal P loading
across sites (Figure 2b,c, 5a,c, and 6).

Figure 6. Event-scale mapping of satellite-derived bioavailable phosphorus (BioPscaled, g m−3) release from sediment during May 2023 resuspension
in western Lake Erie. The map shows core sites and one noncore site (WLE16) with satellite-derived ΔSPM concentration (g m−3) and erosion
depth (ED, cm) estimated from it and average porosity. Empty pixels represent areas where the percent change in SPM was below the SPM
algorithm performance threshold (NRMSE ≤ 13.9%). The inset wind rose shows predominant southwesterly winds at NOAA’s National Data Buoy
Center (NDBC) THRO1,70 with radial axes showing percentage frequency of wind directions and colors representing wind speed bins.
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The shallower nearshore WLE13 showed the highest erosion
depth (1.39 cm; estimated using eq 8) and, along with elevated
spring TP and BioP concentrations in sediments, displayed
greater increases in TP and SRP relative to the sediment
loaded to the water column [TP/SPM = 1.25, 0.86, and 0.29
mg g−1, and SRP/SPM = 0.43, 0.32, and <0.002 mg g−1 (SRP
below detection) for WLE13, WLE14, and WLE16,
respectively]. Offshore, WLE14 and WLE16 (representative
of WLE15 based on observed sediment characteristics)
exhibited smaller changes in SPM and water column P (Figure
5b,c). Despite similar erosion depths (∼0.3 cm) to WLE14,
WLE16 did not display a comparable increase in SRP, likely
due to its location on the periphery of the resuspension event,
receiving water masses carrying resuspended material already
depleted of BioP by the time of sampling. Annual wind
climatology also suggests low sediment deposition at WLE16,
as dominant southwest winds promote more northeastward
deposition of P-rich material67 (Figure 6), i.e., near WLE14
and WLE15, highlighting the challenge of scaling first-order
estimates of P loading across stations. Critically, our theoretical
estimates based on lab-measured BioP fractions (using eq 9)
agreed well with the observed water column increases in SRP
(Figure 5a,c), indicating that BioP released from resuspended
sediments contributed to the observed SRP pulse. These
agreements were strongest at directly measured sites, WLE13
and WLE14, with general alignment when scaling WLE15
sediment traits to WLE16 observations.
Based on general agreement between in situ, sediment, and

satellite-derived estimates of erosion depth and P release
(Figure 5), we quantified event-scale internal P loading
(BioPscaled; Figure 6) for the May 2023 resuspension using
ΔSPM derived from Sentinel-3A OLCI scenes on May 18 and
26 (Figure 2c). Satellite-derived SPM agreed well with in situ
observations with a typical multispectral sensor performance
(NRMSE ≤ 13.9%, Figure S1). Estimated bed sediment
erosion depths from ΔSPM ranged from 0.2 to 0.8 cm for
western Lake Erie (Figure 6), accounting for 89.2% of total
resuspended sediment across the lake (Figure 2b,c). This
corresponded to 40,314 kg of TP mobilized (expected to
largely resettle with resuspended particles), of which 12,665 kg
of BioP was released as dissolved phosphorus to the water
column, mostly within the western basin (Figure 6). These
values represent ∼1.6% and 3.3% of the 2017−2021 mean
Maumee River spring TP and SRP loads, or ∼4.7% and ∼7.0%
of the current spring target loads (TP = 86 × 104 kg and SRP =
18.6 × 104 kg), respectively,45 indicating the role of sediment
resuspension events as large, episodic internal fluxes of P to the
water column.

4. DISCUSSION
Our 7Be results showed that short-lived, wind-induced
disturbances continually rework recently deposited material,
homogenizing new inputs with older deposits. As a result, the
upper 0−5 cm behaves as actively mixed layers, explaining the
benthic stability of the vertical distribution of externally
sourced phosphorus across sediment cores in WLE (Figure
4a). Consistent with previous findings that showed no
significant depth-dependent P variations,71 our results support
that surface sediments act as an actively mixed reservoir of P
that can be mobilized during resuspension to supply dissolved
BioP to the overlying water column.66 Thus, recycling of P
from bed sediments during episodic resuspension disrupts
particle burial and increases the likelihood that P associated

with this material is transported downstream (e.g., to Lake
Erie’s central basin). Given typical reported sedimentation
rates of ∼ 0.3−0.6 g cm−2 yr−1 for WLE24,52,72,73 and estimated
mixing depths (Zmix, calculated using eq 2; Table S3), the
actively mixed layer integrates deposition over years to decades
that would otherwise be expected to stratify in the sediment
record. Thus, a resuspension event reintroduces legacy P
accumulated over multiple years back to the water column at
levels reflecting the average P load over this temporal window.
Further research is needed to determine the age of sediment
overturned within the mixing zone to distinguish fresh deposits
from legacy material and to characterize the depth at which P
burial is constant and the extent to which P is lost from the
active sediment layer.66,74

The active sediment mixing redistributes and laterally
transports P-enriched Maumee River-derived material from
nearshore sites toward offshore zones that serve as more
efficient sediment retention regions under annual dominant
southwest winds (Figure 6), leading to spatiotemporal
homogenization of sediment P traits.40,43,66 Offshore locations
also exhibited frequent resuspension events outside observa-
tions directly made here (e.g., June 2023 and April 2024).
Together, these observations support an important contribu-
tion of sediment resuspension to the TP loading budget for a
given year, impacting ecological functioning and HAB
evolution during the growing season.18,42 Our opportunistic
sampling coincides with satellite measurements, which high-
lights the utility of satellite-derived observations for quantifying
the impact of benthic resuspension on the overall P budget.
Episodic phosphorus inputs from these events are expected to
play a significant role in explaining observed variability in
severe HAB years.75

As an initial, scalable approach using eq 10, we used
averaged sediment TP and BioP to quantify first-order event-
scale internal P loading from sediment resuspension (Figures
2c and 6). While this introduces spatiotemporal uncertainty
from spatial and monthly heterogeneity,33 over longer time
scales (e.g., satellite time series), our approach suggests that
this uncertainty will be relatively small. Across sites, estimated
BioP release from sediment resuspension (2−11 × 10−2 g m−2

event−1: expressed as SRP equivalent release) was 22−256
times higher than the typical aerobic diffusive flux of 0.43−0.91
× 10−3 g m−2 day−1.24 This expected difference reflects that
sediment resuspension physically entrains surface sediment
layers, mobilizing a larger mass of TP and BioP from eroded
sediment layers and porewaters than passive diffusive flux. Our
7Be data indicated that resuspension events of this magnitude
occur ∼ monthly and penetrate to deeper depths than we
directly observed (Figure 3 and Table S3). While constant
diffusive flux of relatively low P concentrations has been
reported to sustain but not initiate HABs on discrete time
scales,24 the rapid introduction of large quantities of BioP
during sediment resuspension has the potential to significantly
modulate phytoplankton dynamics.
To date, nutrient management efforts in Lake Erie and

similar systems have largely focused on external nutrient loads,
with modeled lake response (e.g., HAB severity) tied to these
loads.25 However, sediment resuspension reintroduces legacy P
into the water column, shaping ecological and water quality
outcomes alongside these external inputs.18,19 Our study
provides the first event-resolved, basin-wide estimate of
internal TP mobilization and BioP release from sediment
resuspension in western Lake Erie.26,71 This single, moderate
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sediment resuspension event accounted for ∼4.8% (TP) and
∼7.0% (SRP) of the target spring loading from the Maumee
River, the largest Great Lakes tributary. Although this is not
“new” P, and the system may not elicit the same response as
from external P inputs,19,38 our approach quantifies the extent
to which episodic events modulate reductions in external
inputs and influence contemporary ecological state. It also
offers more holistic insights into potential ecological shifts
under a changing climate43,44 and is critical to fully assess how
ongoing, management-driven changes in external inputs are
manifesting in intended water quality outcomes.
In Lake Erie and other similar lake environments, benthic

sediments serve as substantial P reservoirs.20,35,76,77 Lakes such
as Okeechobee, Peipsi, Võrtsjar̈v, Green Valley Lake, and
Missisquoi Bay store large, labile sediment P pools that have
been reported to, or have the potential to, resuspend or release
P during sediment resuspension events, producing episodic
phosphorus fluxes that can exceed external inputs.20,78 As in
Lake Erie, these lakes integrate multiyear watershed processes
into sediment layers that readily interact with the water
column, shaping ecological outcomes. Despite acknowledging
the significant role of internal processes in regulating when and
where P becomes available and, in turn, ecological responses,
most ecological and bloom-forecast models rely on external
loading or only consider constant diffusive terms, due to
challenges in constraining episodic events like sediment
resuspension.15,17,21 Indeed, mass-balance modeling studies
have accounted for sediment resuspension among other
factors, but cannot define or quantify these episodic
processes.18 Through targeted sampling of sediment traits
and satellite imagery, our approach showed promise for
quantifying P loading from sediment resuspension across these
systems, in turn informing bloom-forecast models.75 This study
showed that sediment resuspension not only mobilizes
particulate TP but also releases significant BioP to the water
column, which can be rapidly assimilated into biomass1,33 and
is consistent with studies showing ∼20−30% of P delivered to
freshwater systems is recycled and ultimately exported.66

Understanding these dynamics over longer timeframes can
help quantify the role of internal P loading in bloom
development and severity and improve accounting of the
coupled dynamics between the western and central Lake Erie
basins that fuel hypoxia.4,79 The framework developed here can
be applied to quantify P release from sediment resuspension in
Lake Erie and similar aquatic systems and provide data sets to
support further investigations of the role of internal P loading
from resuspension on ecological processes,3,42 including whole
ecosystem response to ongoing nutrient management efforts.
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Võrtsjar̈v, a Large Shallow Lake: Insights from Phosphorus Sorption
Experiments and Long-Term Monitoring. Sci. Total Environ. 2022,
829, 154572.
(36) Conroy, J. D.; Kane, D. D.; Dolan, D. M.; Edwards, W. J.;
Charlton, M. N.; Culver, D. A. Temporal Trends in Lake Erie
Plankton Biomass: Roles of External Phosphorus Loading and
Dreissenid Mussels. J. Great Lakes Res. 2005, 31, 89−110.
(37) Søndergaard, M.; Jeppesen, E.; Lauridsen, T. L.; Skov, C.; Van
Nes, E. H.; Roijackers, R.; Lammens, E.; Portielje, R. Lake
Restoration: Successes, Failures and Long-Term Effects. J. Appl.
Ecol. 2007, 44 (6), 1095−1105.
(38) Jeppesen, E.; Søndergaard, M.; Jensen, J. P.; Havens, K. E.;
Anneville, O.; Carvalho, L.; Coveney, M. F.; Deneke, R.; Dokulil, M.
T.; Foy, B.; Gerdeaux, D.; Hampton, S. E.; Hilt, S.; Kangur, K.;
Köhler, J.; Lammens, E. H. H. R.; Lauridsen, T. L.; Manca, M.;
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P. Spatio-Temporal Variations in Sediment Phosphorus Dynamics in
a Large Shallow Lake: Mechanisms and Impacts of Redox-Related
Internal Phosphorus Loading. Sci. Total Environ. 2024, 907, 168044.
(79) Bocaniov, S. A.; Scavia, D.; Van Cappellen, P. Long-Term
Phosphorus Mass-Balance of Lake Erie (Canada-USA) Reveals a
Major Contribution of in-Lake Phosphorus Loading. Ecol. Inform.
2023, 77, 102131.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c17601
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

L

https://doi.org/10.1002/lno.10959
https://doi.org/10.1002/lno.10959
https://doi.org/10.1002/lno.10959
https://doi.org/10.7289/V5KS6PHK?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF00026261
https://doi.org/10.1007/BF00026261
https://doi.org/10.1016/j.watres.2020.116525
https://doi.org/10.1016/j.watres.2020.116525
https://doi.org/10.1016/j.watres.2020.116525
https://doi.org/10.1016/S0380-1330(77)72253-1
https://doi.org/10.1016/S0380-1330(77)72253-1
https://doi.org/10.1002/esp.1270
https://doi.org/10.1002/esp.1270
https://doi.org/10.1002/esp.1270
https://doi.org/10.1016/j.jglr.2019.01.005
https://doi.org/10.1016/j.jglr.2019.01.005
https://doi.org/10.1016/j.jglr.2019.01.005
https://doi.org/10.3390/w13010039
https://doi.org/10.3390/w13010039
https://doi.org/10.3390/w13010039
https://doi.org/10.1002/ecs2.4201
https://doi.org/10.1002/ecs2.4201
https://doi.org/10.1002/ecs2.4201
https://doi.org/10.1016/j.scitotenv.2023.168044
https://doi.org/10.1016/j.scitotenv.2023.168044
https://doi.org/10.1016/j.scitotenv.2023.168044
https://doi.org/10.1016/j.ecoinf.2023.102131
https://doi.org/10.1016/j.ecoinf.2023.102131
https://doi.org/10.1016/j.ecoinf.2023.102131
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c17601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

