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Abstract

Light limitation constrains ecosystem function in large, shallow eutrophic lakes, yet the ecosystem-
scale role of sediment resuspension is rarely isolated. We quantified wave- and bioturbation-driven
resuspension effects on light attenuation in Utah Lake using replicated limnocorrals (~12 m diameter;
1.2-2.4 m depth) deployed over three growing seasons (2022-2024). Secchi depth (n = 363) and PAR
profiles (7 depths; n = 126) were measured inside corrals and at paired open-lake controls. Mean
Secchi depth was nearly twofold greater inside corrals (39.8 vs. 22.0 cm; p < 0.001), with lower light
attenuation coefficients (k = 0.17 vs. 0.22). Ln(PAR) depth regressions consistently showed weaker
attenuation under reduced disturbance, producing compensation depths 1.25x deeper inside corrals.
Although near-surface PAR was sometimes higher in the open lake, PAR below 0.5 m was
consistently greater inside corrals. Reduced attenuation was linked primarily to lower suspended
solids and decreased resuspension of fine sediments and CaCO; precipitates; phytoplankton biomass
further influenced late-summer attenuation. Sediment resuspension thus dominates underwater
light climate, constrains benthic production, and reinforces phytoplankton-dominated pathways.
Stabilizing sediments through invasive carp removal, macrophyte and mollusk recovery, and
reduced disturbance should enhance light availability, benthic—pelagic coupling, and ecosystem
function in turbid shallow lakes.

Keywords: light attenuation; sediment resuspension; calcium carbonate precipitation; shallow lakes;
photosynthetically active radiation; benthic—pelagic coupling; lake restoration

1. Introduction

Light penetration is fundamental to aquatic ecosystem functioning, regulating primary
production by phytoplankton, benthic algae, and submerged macrophytes, and influencing
predator—prey interactions and oxygen dynamics [1-3]. Reduced light availability suppresses
photosynthesis, exacerbates hypoxia, and promotes cyanobacterial dominance [3,4].

Light attenuation, the exponential decline of irradiance with depth, is controlled by suspended
particles, phytoplankton biomass [5], dissolved organic matter, and in some systems inorganic
precipitates such as calcium carbonate (CaCQOs) [6—12]. Shallow eutrophic lakes typically exhibit high
attenuation, but systems with abundant, easily resuspended CaCO; precipitates or other fine
sediment materials may experience particularly strong light limitation [10,13].

Utah Lake exemplifies these conditions: chronic turbidity from wind driven wave action and
invasive fish bioturbation limits light penetration across much of the basin, inhibiting benthic algae
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and macrophytes and reinforcing phytoplankton dominance [14-17]. Recent satellite analyses
indicate that algal blooms in Utah Lake are primarily light-limited, with 94% of intense blooms
(chlorophyll-a > 87 ug L) occurring only when turbidity is < 120 nephelometric turbidity units
(NTU)[18].

Wave action and benthic fish bioturbation are critical but under-quantified drivers of sediment
resuspension. Mobilization of unconsolidated sediments increases turbidity and alters the
underwater light climate. Understanding how physical disturbance regulates light attenuation is
essential for guiding restoration and management.

We present results from limnocorral experiments designed to isolate the effects of wave
disturbance and bioturbation on light attenuation in Utah Lake. We quantify and discuss implications
for ecosystem function and restoration by comparing Secchi depth and PAR profiles inside corrals
with open-lake controls, changes in light availability and key physical and chemical covariates.

2. Materials and Methods

The limnocorrals we used in this study were constructed of heavy-grade skirt material fitted
with twelve foam-filled floats arranged in a cylindrical dodecagon (~12 m diameter; Figure 1;
Supporting Information Figures S1-52). We deployed the corrals in the northwest corner of Utah
Lake (Figure 2) in spring (May-June) and removed in October during 2022-2024. We deployed ten
corrals in 2022, twelve in 2023, and nine in 2024 at depths ranging from 1.2 to 2.4 m depending on
lake level.

The limnocorrals partially isolated the water column from sediment resuspension by reducing
wave energy and benthic bioturbation relative to open-lake conditions. This design allowed us to
isolate and evaluate ecological effects of wave-driven and bioturbation-induced resuspension in Utah
Lake and to assess the consequences of reducing these processes. By approximating conditions
expected under restoration actions such as carp removal and sediment stabilization, the corrals
provided a mechanistic basis for evaluating how reductions in resuspension can improve light
availability and ecosystem function.

Floats
=,

Hollow tubing —
1.2t02.4m

Skirt

A
Sandbags Heavy chain

Figure 1. General schematic of 10- meter diameter, 1.2 to 2.4- meter depth limnocorrals. Dodecagon connected
floats attached to hollow black tubing provided buoyancy and stability for limnocorrals. Skirts were attached to
floats. Sleeves were sown into bottom of skirts to house heavy chain. Sandbags were placed around the bottom
of skirts. Sand and sediment were also pushed up against outside of skirts. Design was slightly modified each

year to reduce damage from wind and waves.
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Figure 2. Map of study area in Utah Lake, UT, USA. Limnocorrals were deployed in the upper right (NE) portion
of Utah Lake marked with X. Approximate latitude: 40.330878°; longitude: -111.767755°.

We measured Secchi depth between 18 May 2022 and 3 October 2023 inside (n=218) and outside
(n=145) the corrals (Table 1). In 2024, we replaced Secchi measurements by direct PAR measurements
using a Li-COR LI-1500 datalogger equipped with dual LI-192 underwater quantum sensors. We
recorded PAR measurements at depths of 2, 24, 67, 87, 107, 127, and 147 cm inside corrals and at
paired open-lake control sites (Table S1).

We converted Secchi depth measurements to light attenuation coefficients (k) using the nonlinear
model of Padial and Thomaz [19]:

k=2.00 - SD-076

where k is the attenuation coefficient and SD is Secchi depth (cm).

We performed linear regression of In-transformed PAR (umol photons m2s) versus depth (cm)
separately for corral and open-lake sites which follows the Beer-Lambert model [3,20]. We used a
theoretical photosynthetic minimum of 0.01 pmol photons m= s™ to estimate compensation depths
[21-23].

The chemical and biological covariates we considered included phytoplankton biovolume,
chlorophyll a, phycocyanin, conductivity, oxidation-reduction potential, total suspended solids,
volatile suspended solids, total dissolved solids, and chemical oxygen demand. We used generalized
linear regression models and mixed-effects regression models to statistically analyze the data. We
performed these analyses in Stata/IC 16.1 [24].

No generative artificial intelligence (GenAl) has been used in this paper.

3. Results

Over the study period, Secchi depth was greater inside than outside corrals (mean 39.8 cm vs.
22.0 cm; t = 5.98, p < 0.001; Figure 3), ranging from 12-165 cm inside and 8-66 cm outside. Secchi-
derived light attenuation coefficients (k) likewise differed between treatments (mean k = 0.17 inside
vs. 0.22 outside; t = -7.07, p < 0.001; Figure 3), spanning 0.04-0.30 inside and 0.08-0.41 outside.
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Figure 3. Secchi depths and light attenuation coefficients inside and outside of limnocorrals, 2022/2023. Mean
and 95% ClIs with T-test results. N = 281 inside; 145 outside.

Seasonally, Secchi-derived attenuation inside and outside the corrals differed most strongly in
early summer, with higher attenuation outside corrals in May-June (Figure 4). From July through
October, attenuation increased at both corral and open-lake sites coincident with higher plankton
densities, but attenuation remained lower inside corrals in mid- to late summer and was significantly
lower in August (Figure 4).

Light Attenuation Coefficients
Secchi Depth Based

T T T T
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Figure 4. Monthly differences in Secchi depth based light attenuation coefficient, k inside and outside corrals in
2022/2023. Numbers = sample size; * = inside vs outside significant difference at p = 0.05.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1421.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2026 d0i:10.20944/preprints202602.1421.v1

5o0f 9

In 2024, PAR profiles showed stronger attenuation outside corrals than inside (Figure 5).
Predicted minimume-light threshold depths were 101 cm (95% CI: 99-104) inside corrals and 81 cm
(95% CI: 77-85) outside, corresponding to a 1.25x increase inside corrals (95% ClI for ratio: 1.22-1.29).
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Figure 5. Linear regression fit line with 95% CI lines of Ln(PAR (umol photons m s)) as a function of depth
inside and outside of corrals in 2024. Dashed black x-axis reference line is the theoretical photosynthesis light
limit Ln(0.01 umol photons m? s') Numbers are predicted mean and 95% ClIs at light limit from linear regression

results.

Across the 2024 sampling dates, near-surface PAR was often higher in the open lake, whereas
PAR at deeper depths was consistently higher inside corrals (Supporting Information Figure S3;
Table S2). We attribute this to near surface phytoplankton biomass inside the corrals, with less
suspended solids in the water column compared to outside the corrals. Regression slopes of In(PAR)
versus depth varied among dates and generally indicated weaker attenuation inside corrals, except
during a late-August bloom when phytoplankton biomass was elevated inside the corrals (Figure
S1). Accordingly, the depth at which PAR reached the theoretical minimum occurred deeper inside
corrals on most dates, with exceptions only when phytoplankton biomass was substantially higher
inside corrals.

Phytoplankton biovolume (logio pm?® mL-) was significantly lower inside corrals (GLM: z =2.23,
p = 0.02; Figure 6; Table S3). Mixed-effects models indicated that relationships between PAR and
covariates were depth-dependent (Table 54): Chlorophyll 2 and phycocyanin were associated with
reduced PAR at the two shallowest depths but not deeper, consistent with pigment distributions
concentrated near the surface. Total suspended solids reduced PAR across all depths, whereas
volatile suspended solids, oxidation-reduction potential, and conductivity were most strongly
associated with mid-depth PAR.
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Figure 6. Phytoplankton biovolume (um= ml"') (logl0 transformed) inside vs outside (all years combined).

Predicted mean and 95% Cls based on GLM regression using year and month as predictors.

4. Discussion

Resuspension of fine sediments together with elevated phytoplankton biomass, emerged as the
dominant controls on light attenuation in Utah Lake and represent a critical barrier to ecosystem
recovery. By reducing wave energy and abiotic and biotic physical disturbance, the mesocosms
promoted particulate settling, reduced resuspension, reduced optical backscatter, and increased
subsurface light availability. These conditions are prerequisites for littoral zone benthic primary
production and for re-establishing benthic—pelagic coupling in shallow lake ecosystems such as Utah
Lake. However, under certain conditions these can also increase suspended phytoplankton biomass.

Phytoplankton biomass contributed to light attenuation through mechanisms that differed
fundamentally from those of inorganic suspended solids. Whereas resuspended fine sediments
primarily increase light attenuation via scattering and backscatter, phytoplankton blooms reduce
light penetration mainly through absorption and self-shading. Prior work has demonstrated that high
chlorophyll a concentrations can strongly attenuate PAR, with large-celled taxa such as the
dinoflagellate Ceratium hirundinella capable of attenuating nearly 90% of incident radiation [25]. This
species frequently dominates phytoplankton assemblages in Utah Lake and, together with other
phytoplankton taxa particularly cyanobacteria, likely plays a substantial role in regulating
underwater light conditions during blooms [26]. In addition, microbiologically mediated CaCOs
precipitation may further elevate turbidity and light scattering, representing an understudied but
potentially important process requiring targeted investigation [25]. While these processes contribute
significantly to light limitation in Utah Lake, suspended sediments are the dominant process
controlling light limitation outside of active blooms.

Interannual differences in lake level, with 2022-2023 characterized by low water that generally
had higher suspended solids concentrations and 2024 by high water conditions which generally had
lower concentrations both from dilution and increased depth limiting wave resuspension, likely
influenced resuspension dynamics, particle residence time, and optical properties of the water
column, complicating year-to-year comparisons. Although the corrals reduced turbation, we neither
intended or achieved complete isolation from wave energy and bioturbation. Rather, our
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experimental design sought to approximate conditions expected under realistic restoration scenarios,
including reduced bioturbation following carp removal and increased sediment stabilization by
native macrophytes, benthic algae, and bivalve mollusks [26].

Chronic turbidity has cascading consequences for food-web structure and ecosystem function.
Reduced light availability limits benthic primary production, favors phytoplankton-dominated
energy pathways, and impairs visual foraging by higher trophic levels. Persistent light limitation in
Utah Lake likely contributes to the low trophic transfer efficiencies documented in recent ecosystem
models comparing food webs inside and outside limnocorrals [26]. These dynamics reinforce a
degraded, phytoplankton-dominated state in Utah Lake characterized by inefficient energy transfer
and accumulation of unconsumed primary production as detrital material.

In large, shallow lake ecosystems, turbidity is a well-established driver of light limitation and
regime persistence [27-30]. Resuspension not only increases light attenuation but also enhances the
release of sediment-bound nutrients into the water column, further stimulating phytoplankton
growth ([31-33]. However, high concentrations of suspended solids, including CaCO; precipitates,
can simultaneously constrain phytoplankton productivity by limiting light availability and altering
nutrient uptake dynamics [34]. These opposing effects underscore the importance of sediment
stabilization for restoring balanced primary production pathways.

The broader ecological implications of sustained turbidity are substantial. Resuspension impairs
visual predators, reduces foraging efficiency of piscivorous fishes, and indirectly favors
planktivorous fishes by providing visual refuge, thereby intensifying grazing pressure on
zooplankton [35]. This process weakens top-down control of phytoplankton and further entrenches
turbid conditions. Given that sediment resuspension in Utah Lake can persist for days following
storm events, the cumulative effects on light climate and food-web interactions are likely profound.

Historical evidence suggests that Utah Lake was substantially less turbid prior to Euro-
American settlement, with deeper light penetration and a more extensive littoral zone supported by
abundant macrophytes, mollusks, and benthic algae ([36-38].. The transition to a phytoplankton-
dominated system, combined with invasive bioturbators and altered hydrologic regimes, has
fundamentally reshaped sediment dynamics and ecosystem functioning.

Given the pronounced spatial and temporal variability in PAR, long-term, high-resolution light
monitoring is essential for evaluating restoration trajectories and quantifying functional recovery.
Future work should explicitly couple optical dynamics with food-web and biogeochemical models
to assess feedbacks among sediment stabilization, light availability, primary production pathways,
and trophic transfer. Such integrative approaches will be critical for designing effective, science-based
restoration strategies capable of shifting Utah Lake from a turbid, phytoplankton-dominated state
toward a more resilient, benthic-supported ecosystem.

5. Conclusions

Our results emphasize that improvements in light availability will require basin-scale,
integrated restoration strategies rather than localized interventions. Stabilizing sediments and
retaining fine particles within benthic layers would promote benthic algal and macrophyte growth,
enhance habitat complexity, and strengthen trophic transfer. Accordingly, restoration efforts should
prioritize reestablishing sediment-stabilizing native vegetation and bivalves, control of bioturbating
fishes, and water-level management that minimizes resuspension.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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