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The influence of mountain streamflow on nearshore ecosystem
metabolism in a large, oligotrophic lake across a drought and a wet year
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Abstract

The influence of streamflow can be highly heterogeneous around lake edges, making it challenging to predict
how benthic productivity in the littoral zone responds to hydroclimatic change. The degree to which
streamflow affects nearshore productivity varies as a function of catchment characteristics, internal lake mor-
phometry, and processes. This study investigates the relative influence of streamflow on nearshore metabolism
(e.g., gross primary productivity [GPP], ecosystem respiration [ER], and net ecosystem productivity [NEP]) for
shores with large, small, or no stream inflows (four locations across two shores) during two contrasting water
years (one drought and one wet) in Lake Tahoe (Nevada/California, USA). Using Bayesian structural equation
modeling, we found streamflow decreased water temperature, benthic light, and GPP across both years. Com-
pared to the drought year, the subsequent wet year had 54% higher annual streamflow, 37% less light, and
lower NEP at locations with large or small inflows (39% A —0.32 mmol O, m > d~!” and 49% A —1.19 mmol
0, m 3 d!, respectively). During the wet year, we observed a 68% increase in the negative association between
streamflow and nearshore GPP at the large inflow and a 62% decrease in the positive association between
streamflow and GPP at the small inflow. This work demonstrates how oligotrophic littoral productivity varies
across shorelines and in response to hydrological conditions, with streamflow and precipitation exerting contra-
sting effects depending on the proximity to inflowing streams. Our results suggest future lake responses to cli-
mate volatility depend on spatial and temporal hydrologic connectivity to catchments and upland processes.

Lakes integrate environmental processes from their (Adrian et al. 2009; Williamson et al. 2009). Within lakes,

surrounding water and airsheds, reflecting seasonal patterns
of material transport, precipitation, and evapotranspiration
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the nearshore, or littoral zone, plays a key role in biogeo-
chemical cycling and supporting biodiversity (Vadeboncoeur
et al. 2003; Devlin et al. 2016; Vander Zanden and
Vadeboncoeur 2020). The nearshore is characterized by
greater substrate-surface water interactions which can elevate
ecosystem productivity relative to the limnetic zone but can
also be highly heterogeneous around a lake’s perimeter
(Vadeboncoeur et al. 2006; Cavalcanti et al. 2016; Scordo
et al. 2022a, 2022b). This high spatial heterogeneity in near-
shore habitat quality originates in part from variation in
hydrologic connectivity with upland landscapes (Vander
Zanden and Vadeboncoeur 2020). Relative to the limnetic
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zone, nearshore lake habitats are expected to be more sensi-
tive to interannual hydroclimatic variability because of their
responsiveness to short-term environmental change (Hanson
et al. 2015; Richardson et al. 2021; Ward et al. 2022). Climate
change is projected to shift precipitation and drought pat-
terns (Dettinger and Rajagopal 2023; Swain et al. 2025),
thereby altering stream flow. It remains unclear how these
changes in streamflow will alter the lake-catchment connec-
tivity dynamics that regulate ecosystem processes in near-
shore habitats (Williamson et al. 2009; Siirila-Woodburn
et al. 2021).

Spatially heterogeneous stream-to-lake transition zones can
create a combination of environmental conditions that make
it challenging to predict where and when nearshore biogeo-
chemical activity will be stimulated or suppressed (Johengen
et al. 2008; Jones 2010; Bernhardt et al. 2017). Inflowing
streams transport organic matter (OM) and nutrients from
catchments to the nearshore of lakes (Scott and Wohl 2017).
In snow-dominated ecosystems, winter precipitation can gen-
erate pulses of both nutrient-rich groundwater and shallow
subsurface flow, which stimulate attached algae growth for
shallow, cobble-dominated areas in oligotrophic mountain
lakes (Naranjo et al. 2019; Domagalski et al. 2021), especially
at the inflows of streams draining relatively large catchments
(Coats et al. 2008; Domagalski et al. 2021). Yet, the degree to
which nearshore ecosystem processes in lakes reflect changes
in hydrologic connectivity with uplands relative to internal
lake conditions (e.g., different dominant substrata, lake mor-
phometry) and processes (e.g., water residence time and
mixing, fine particulates suspension, and internal nutrient
loading) is unclear (Dodds et al. 2019; Vander Zanden and
Vadeboncoeur 2020). Hydroclimatic conditions can influence
nearshore habitats through lake level rise and fall (Hofmann
et al. 2008; Scordo et al. 2022a), groundwater intrusion
(Rosenberry et al. 2015; Naranjo et al. 2019), and variation in
streamflow paths (Langlois et al. 2005; Miller et al. 2005).
Despite our knowledge of the importance of these mecha-
nisms, it is still challenging to anticipate how ecosystem pro-
cesses, such as the global phenomenon of increasing benthic
filamentous algal blooms in oligotrophic lakes (Vadeboncoeur
et al. 2021), vary along the perimeter of lakes.

Aquatic ecosystem metabolism is an ecosystem process
increasingly used to assess freshwater ecosystem responses to
environmental change (Hoellein et al. 2013; Jankowski
et al. 2021). Metabolism is comprised of gross primary produc-
tivity (GPP) and ecosystem respiration (ER), which are esti-
mated on a daily time step from diel changes in dissolved
oxygen (DO) concentrations driven by oxygen generation by
photosynthesis, oxygen consumption by respiration by ben-
thic and pelagic organisms, and gas exchange with the atmo-
sphere (Odum 1956; Winslow et al. 2019; Lottig et al. 2022).
For many lakes, nearshore GPP is a large fraction of whole lake
GPP fluxes relative to open water (i.e., pelagic) habitats
(Devlin et al. 2016; Staehr et al. 2018; Ward et al. 2022).
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Despite the potential impact of nearshore metabolism on
whole-lake carbon cycling, much of past limnological theory
and current monitoring efforts often rely on extrapolations
from single, open water stations or pelagic energetic models, neg-
lecting within-lake heterogeneity and variation in watershed
contributions. This oversight can lead to substantial bias in
whole lake metabolism estimates depending on the characteris-
tics of the lake. Capturing the relative contribution of inflowing
streams in the nearshore can reduce spatial bias in whole lake
metabolism estimates (Hotchkiss et al. 2018; Ward et al. 2022).
This study investigates the relative influence of streams on
nearshore metabolism by monitoring nearshore littoral environ-
mental conditions and estimating ecosystem metabolism contin-
uously near and far from stream inflows on two contrasting
shores for a drought (2022) and a wet (2023) water year at Lake
Tahoe (Nevada/California, USA). Specifically, we asked how
stream inflow regulates littoral environmental conditions
(e.g., nutrient availability, water temperature, and light availabil-
ity) and nearshore metabolism between a drought water year
vs. a wet water year? Our overarching objective was to quantify
the relative importance of streams to nearshore metabolism over
time and across distinct stream-to-lake transitional zones to pro-
vide a mechanistic understanding of how and when hydrologic
connectivity with uplands drives nearshore productivity.

Methods

Site description

Lake Tahoe is a large, oligotrophic freshwater lake occupy-
ing 38% of its total watershed area (1313 km?) in the Sierra
Nevada mountains spanning both California and Nevada,
United States of America (USA). We monitored three near-
shore areas spanning a range in stream inflows (large, small,
and none) to compare nearshore dynamics across a drought
(September 2021 to September 2022) and a wet (September
2022 to September 2023), slightly offset water year to match
our data availability (hereafter referred to as water year; Fig. 1).
Following three of the consecutive driest water years on record
for the state of California (2020-2022), 2023 ranked among
the top five wettest years in terms of precipitation accumula-
tion, exemplifying an extreme drought-to-wet whiplash event
in the Sierra Nevada Mountains (California Department of
Water Resources 2023; Swain et al. 2025). The large volume
stream-to-lake transition zone was at the inflow of Blackwood
creek (BW; large catchment, west shore, flow range 0.020-
13.309 m3s~!), the small volume stream-to-lake transition
zone was at the inflow of Glenbrook creek (GB; small catch-
ment, east shore, flow range 0.001-0.852 m3s~!), and the no
inflow location was at the Sunnyside marina (SS), approxi-
mately 2.8 km north of BW creek on the western shore of the
lake (Fig. 1; Supporting Information Fig. S1; Supporting Infor-
mation Table S1). These catchments represent hydroclimatic
differences within the Lake Tahoe Basin, where the larger,
western catchment, BW, can receive 35% more mean annual
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Fig. 1. Map of study locations (a and ¢€) and conceptual diagram of instrumentation. The large stream inflow on the (a) west shore, Blackwood (BW),
with sensor positions in the nearshore (NS), and the stream (L, O) in blue (panels a and b), as well as (c) the small stream in flow on the east shore,
Glenbrook (GB), with sensor positions in the NS, L, and O, in gold (panels b and d), as well as the shore location isolated away from stream inflows on
the west shore Sunnyside (SS in green triangles), and the east shore Slaughterhouse (SH in orange triangles). Nearshore locations represent the place-
ment of dissolved oxygen (DO) sensors used to model metabolism at roughly three meters deep when initially deployed. L and O locations represent
stream survey areas for sample collection at the lower (L), which was instrumented with a dissolved oxygen sensor, and outlet (O) reach segments of
either BW or GB creeks. The conceptual diagrams (b and d) of sub-catchment morphology (lower panels), locations of instrumentation (DO, conductivity,
and photosynthetically active radiation sensors), and sampling locations (yellow flags). Open black circles represent the location of U.S. Geological Survey

stream gages.

precipitation relative to GB (Reuter and Miller 2000). Black-
wood creek flows through a 29.9 km?, largely undeveloped
watershed underlain by volcanic and surficial deposits.
Glenbrook creek integrates flow from a 10.6 km? watershed pri-
marily comprised of decomposed granitic rock. To assess pro-
ductivity and habitat quality differences between paired
nearshore locations near and far from streams between the east
and west sides of the lake, we added a fourth shore location at
Slaughterhouse meadow (SH) 1.15 km north of the inflow of
the GB creek location in February of 2023 (Supporting Informa-
tion Section 1; Supporting Information Fig. S2).

Field instrumentation
To understand nearshore differences in metabolism and
habitat quality among the shore locations (BW, GB, SH,

and SS), we deployed three optical DO and temperature sen-
sors (miniDOT, Precision Management Engineering, Vista Cal-
ifornia, USA) on cinder blocks (~ 0.25 m above the bed) in
nearshore habitats adjacent to the large (BW) and small
(GB) stream inflows, sunk to depths of ~3m (Fig. 1;
Supporting Information Fig. S2) in June 2021. To standardize
deployment depth across sites with variable bathymetry, sen-
sors were positioned 115 m (BW), 170 m (GB), 100 m (SS),
and 140 m (SH) from shore (Supporting Information Fig. S3).
At BW and GB, sensors were placed directly in front of the
inflow and ~ 50 m north and south to capture spatial variabil-
ity in inflow morphometry. At non-inflow sites (SS, deployed
August 2021; SH, deployed February 2023), sensors were spa-
ced ~ 50m apart and aligned parallel to shore. All sensors
recorded DO and temperature at 15-min intervals.
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Benthic light was measured with a photosynthetic active
radiation (PAR) sensor and wiper (Odyssey® Submersible PAR
Loggers, Dataflow Systems Ltd, Christchurch New Zealand)
secured vertically on benthic buoy lines at 9.5 m deep directly
behind the central DO sensor at each stream mouth and
recorded PAR every 15 min from October 2021 through
September 2023. We maintained sensors via SCUBA approxi-
mately every 3-4 months, except in 2023, where sensors were
cleaned every month from June to September 6th, 2023, after
which all instrumentation was removed (Supporting Informa-
tion Section 1).

In the uplands, we instrumented BW and GB creeks with
DO and conductivity (Onset HOBO U24) sensors horizontally
mounted to cinderblocks (to place sensors 0.1 m above the
substrate) without wipers in the thalweg of each stream. We
deployed the sensors at 0.75km (BW) and 0.15km
(GB) upstream of the shoreline to monitor in-stream water
quality from Spring 2021 to Fall 2023. We used 15-min obser-
vations of streamflow and water stage from USGS stream gag-
ing stations for BW (gage: 10336660, 39.11°N, —120.16°W,
and at 1900 m ASL, U.S. Geological Survey 2024) and GB
(gage: 10336730, 39.09°N, —-119.94°W, and 1901 m ASL,
U.S. Geological Survey 2024) downloaded wusing the
dataRetrieval package (DeCicco et al. 2024).

Data collection and sample processing

We paired sensor deployments with regular sampling of
water and sediment adjacent to the sensors for analysis
of nutrient concentrations (nitrate [NO3 -N in mg LY,
ammonium [NH,"-N in mg L], orthophosphate as soluble
reactive phosphorus [ortho-PO43~ in ug L7']), dissolved
organic carbon [DOC in mg L], and volumetric core samples
of organic matter (OM in mg mL™!, Supporting Informa-
tion 1.2 and 1.3). Beginning in October 2021 for nearshore
areas near inflowing streams (BW and GB), we sampled twice
monthly May through September and once monthly October
through April at each stream (BWL or GBL) and directly in
front of the inflow (BWO or GBO) at a 0.5 m depth (Fig. 1).
We measured water quality (DO [mg L], temperature [°C],
specific conductance [SPC, xS cm™!], and pH) at these same
sites using a YSI multiparameter sonde (YSI proPlus, Yellow
Springs, OH, USA and Orion) and collected the top 5-10 mm
of the sand or gravel using a standard metal cylinder (5.08 cm
diameter). We sampled water just above the benthos and the
sediment surrounding each of the three littoral DO sensors
(NS1-NS3) for a given shore area (BW, GB, SH, and SS) at a
3 m depth. We composited, homogenized, and sieved (2 mm)
substrate samples and took subsamples to measure OM, pore
water, and sediment pH (Supporting Information Section 1.3).

We determined sediment organic matter by drying samples
at 60°C for 48 h and combusting them at 500°C for 8 h. Sedi-
ment pH was measured with an Orion Star A211 Benchtop pH
Meter (Thermo Fisher Scientific, Waltham, Massachusetts,
USA; Carter and Gregorich 2007). We extracted pore water
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solutes from 3 + 0.25 g of wet sediment mixed with 25 mL of
deionized water (Blaszczak et al. 2018). We measured DOC
using a total organic carbon (TOC) analyzer with a total nitro-
gen (TN) module (TOC-V CPH; Shimadzu, Kyoto, Japan).
Ammonium (NH;-N) with a detection limit of 0.002 mg N L™!
was converted to NH,*-N using pH and temperature (U.S.
Environmental Protection Agency 1993a), orthophosphate
(o-P with a detection limit of 0.402 ug P L% 1993b), and
nitrate (NO3-N with a detection limit 0.003 mg N L™}; U.S.
Environmental Protection Agency. 1993c). were measured
with a SEAL AQ400 discrete analyzer (SEAL Analytical,
Mequon, Wisconsin, USA).

Climate data

We aggregated hourly data of surface light (shortwave radi-
ation flux downwards [W m~2]), interpolated 3-h wind speed
(near surface wind [m s™']), and 3-h barometric surface pres-
sure (Pa) at an eighth of a degree latitude and longitude from
the North American Land Data Assimilation System (Xia
et al. 2012; Beaudoing et al. 2020). We converted incoming
shortwave radiation from W m~2 to surface irradiance in PAR
(umol m~2 s~ ') by multiplying it by 2.114 (Savoy et al. 2021).
We used precipitation (mm) from PRISM (PRISM Climate
Group 2024), as well as nearby Snow Telemetry (SNOTEL) sta-
tion data from sites 848 on the west shore (Ward Creek
39.14°N, —120.22°W, and at 2056 m ASL) and 615 on the east
shore (Marlette Lake 39.16°N, —119.9°W, and at 2403 m ASL)
for precipitation events, accumulated precipitation, as well as
snow water equivalent (SWE; Hufkens 2022).

Modeling nearshore-littoral habitat metabolism

We estimated daily nearshore metabolism (GPP and ER in
mmol O, m > d™') using the methods in Lottig et al. (2022)
and Scordo et al. (2022a) which allow for the possibility of
photoinhibition on productivity (Staehr et al. 2016; see
Supporting Information Section 3.2). This model fits each day
individually, leveraging the entire time series of high-
frequency (15-min) measurements of DO (in mg L"), water
temperature (°C), benthic light (PAR; umol m % s~ '), DO satu-
ration given barometric pressure (mbar), and final gas transfer
velocity (k in h™1) given wind speed (m s7h), to generate daily
metabolism estimates and constrains model parameters to eco-
logically feasible ranges (i.e., GPP and ER must be positive and
negative, respectively; Lottig et al. 2022). We calculated net
ecosystem productivity (NEP) as the difference between GPP
minus the absolute magnitude of ER.

We filtered DO data by excluding values that were either
greater than three standard deviations from seven consecutive
running observations or associated with an amplified signal
pre-sensor cleaning that may have been indicative of biofoul-
ing (Supporting Information Fig. S4). To reduce atmospheric
gas exchange driving DO dynamics in our observed data, we
removed days with mean daily wind speeds greater than
59ms ! (n=21) (k in h™'; Supporting Information Table S2)
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and reduced the lake area to a third of Tahoe’s size
(165.4km?) to estimate k for a smaller nearshore zone. We
used the photoinhibition photosynthesis-irradiance (P;) curve
(Steele 1962) to define the relationship between GPP and light
based on Lottig et al. (2022) and Scordo et al. (2022a).

We fit each metabolism model to time series of filtered and
post-deployment intercalibrated DO observations for each sen-
sor via Stan (Stan Development Team 2024) in R (R Core
Team 2024) using the RStan package as described in Phillips
(2020) and Lottig et al. (2022; Supporting Information
Section 3.2). We evaluated model performance through the
effective sample size (ESS), potential scale reduction factor
(PSRF), and the Gelman-Rubin statistic (f?) of each parameter
in the model and used only daily estimates of GPP or ER with
appropriate model convergence (posterior median R <1.05)
for statistical inference (Scordo et al. 2022a; Supporting Infor-
mation Section 4).

Statistical analyses
Quantifying differences between water years and paired
shore locations

We first used Student’s t-tests to evaluate how mean annual
differences in nearshore metabolism (e.g., GPP, ER, and NEP),
precipitation, light, and water temperature changed from
drought (2022) to wet (2023) water years modified in length
to match our data availability (2022: September 30th 2021 to
September 6th 2022 and 2023: September 30th 2022
to September 6th 2023) at each of the shores (the large stream
inflow—BW, the small stream inflow—GB, and the shore with
no inflow—SS). We additionally used ANOVA to evaluate how
daily GPP, |[ER|, and NEP varied across each of the shore loca-
tions (BW, GB, and SS) for overlapping observations from
both the modified water years. We reported the percent
change, F-statistics, and p-values for results with meaningful
differences (p < 0.05). Lastly, we evaluated geographic differ-
ences in GPP, |ER|, benthic light, water temperature, nutrients,
and sediment organic matter between paired locations with
and without stream inflows on the east (drier) or west (wetter)
shore of the lake and reported the mean weekly differences
(GB-SH or BW-SY) in those parameters from a subset of data
from February 2nd 2023 to September 6th 2023.

Quantifying the influence of streamflow on nearshore
metabolism

To examine the influence of streamflow relative to within-
lake light and temperature conditions on daily gross primary
production (GPP) and ecosystem respiration (|ER|), we fit piece-
wise Bayesian structural equation models (SEMs; Lefcheck 2016;
Brown et al. 2023) using the brms package in R (Biirkner 2021;
Fig. 4a). Gross primary productivity and |ER| were modeled as a
function of their lagged values (temporal autoregressive compo-
nent), nearshore benthic light (umol m~2 s~!), nearshore water
temperature (°C), and catchment-normalized log transformed
streamflow, using a hurdle lognormal distribution to account
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for the semi-continuous nature and zero-inflation of metabolic
rates (Mullahy 1986; Biirkner 2021). To characterize the influ-
ence of streamflow and precipitation on within-lake light and
temperature conditions, our final SEM structure included nested
submodels for each intermediate variable. Specifically, water
temperature and benthic light were each modeled as a function
of streamflow and precipitation, while streamflow itself was
modeled as a function of precipitation. These submodels were
specified jointly, forming a hierarchical SEM structure. All con-
tinuous predictors were standardized (i.e., mean-centered and
scaled) to allow for direct comparisons of path coefficient
strength.

We fit separate SEMs for each shore (large stream inflow:
BW, small stream inflow: GB, no stream inflow: SS) and water
year (September 30th to September 6th; 2022 or 2023), includ-
ing a random intercept for each replicate sensor location
(n = 3, except SS with n = 2). We reported the median poste-
rior estimate and 95% credible intervals for each parameter
estimate with an R <1.05, as well as the variance of the
predicted values divided by the variance of the data as Bayes-
ian R? values (Gelman et al. 2019; Vehtari et al. 2021;
Supporting Information Section 4.2; Data Availability
Statement).

Results

Differences in streamflow and precipitation across
catchments from a drought to a wet year

Throughout the study, the larger west shore catchment,
BW, accumulated 32% more SWE and generated 82% more
streamflow relative to the smaller east shore catchment,
GB. During the drought year, peak snowmelt occurred 27 d
earlier in the larger west shore sub-catchment (BW) and 12d
earlier in the smaller east shore sub-catchment (GB) relative to
the wet water year. We observed 65% more annual SWE accu-
mulation and 56% higher surface water yield across both
catchments in the wet year, which resulted in higher annual
water yields to the lake (2022: 1.24 x 10° m® year ' and 2023:
2.79 x 10° m* year™'). Similarly, mean annual specific dis-
charge (m®s 'km™') was 54% higher across both creeks
(Fig. 2a; Supporting Information Fig. S5) and we observed
twice as much precipitation at all locations (BW: t = 13.95,
df =2039, p<0.001, a=0.05 GB: t=12.42, df=2039,
p<0.001, a=0.05 SS: t=11.25 df=1359, p<0.001,
a = 0.05) in the drought year relative to the wet water year.

Variation in littoral conditions between the drought and
the wet water year

Benthic light availability at nearshore locations near
inflowing streams declined in response to the different hydro-
climatic conditions between the drought (2022) and the wet
(2023) water years, while water temperature in the nearshore
was relatively stable across years (Supporting Information
Fig. S12). In the wet year, light attenuation increased in the
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Fig. 2. (a) Daily specific stream flow in (m? s~ km™") for the small inflowing creek (GB, gold, triangle) and the large inflowing creek (BW, blue circle)
for the drought (2022) and wet (2023) water years (WY). The inset of mean annual precipitation accumulation in (m yr™") from WY 2004 to 2024. The
dashed lines represent the 20-year mean and the white box highlights 2022 and 2023. (b) Plots of gross primary productivity (GPP in mmol O, m—2 d™")
and ecosystem respiration (ER in mmol O, m~3 d") for the drought year (WY 2022, upper) and the wet year (WY 2023, lower). Blackwood creek is repre-
sented by blue circles, GB is represented by gold triangle, and shore with no inflowing stream, (SS) is represented by green squares. (c) Box plots of net eco-
system productivity (NEP in O, m~2 d™") for BW, GB, and SS with pattern representing water year (drought with no pattern and wet with stripes).
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nearshore at the inflows of the large stream (32% increase
A +0.04 m at BW: t=4.05, df =2030, p<0.001, a=0.05)
and small stream (GB: t = 3.35, df = 2030, p < 0.001, a = 0.05)
but remained stable at the nearshore location isolated from
stream inflows (Supporting Information Figs. S7, S8). In con-
trast, during the wet water year, mean annual benthic water
temperatures increased marginally at the nearshore location
with either stream inflow (BW: A +0.7°C and GB: A +0.1°C)
and more strongly at the nearshore location isolated from
stream inflows (SS: A +1.9°C).

Spatial differences in nearshore metabolism with large,
small, and no inflowing streams

Mean nearshore NEP was greater at the location isolated
from stream inflows (SS) than at either inflow location (BW or
GB; Fig. 2), indicating that nearshore metabolism was more
autotrophic in the absence of stream-derived inputs and
increasingly heterotrophic near inflow zones. The shore loca-
tion isolated from stream inflows (SS) had higher GPP (mean:
7.9 mmol O, m~3 d!) fluxes relative to the nearshore areas
adjacent to inflowing streams (BW: 5.6 mmol O, m 3 d™! or
GB 5.8 mmol O, m 3 d'; F,,153: 24.43, p<0.001; Fig. 2),
while nearshore areas adjacent to inflowing streams (BW:
—7.3mmol O, m~3 d~! or GB: —8.4 mmol O, m~> d™!) had
higher ER fluxes relative to SS (—6.3 mmol O, m3 4%
F;2164: 42.21, p < 0.001; Fig. 2b). We observed contrasting dif-
ferences in GPP and ER from the drought (2022) to the wet
(2023) water year at locations with and without stream
inflows. We found a 24% decrease in mean annual GPP
(A —1.61 mmol O, m~3 d™!) at the location with the small
inflowing stream (GB), but a 13% increase (A +0.74 mmol O,
m > d™') at the location with the large inflowing stream (BW),
and a 20% increase (A +1.69 mmol O, m~> d~!) at the loca-
tion isolated from stream inflows (SS) in the wet year. |ER|
increased by 30% (A +2.5 mmol O, m > d!) at the location
with the large inflowing stream (BW), by 4% (A +0.2 mmol
0, m~3 d™!) at the location isolated from stream inflows (SS),
and remained unchanged at the location with the small
stream inflow (GB; Fig. 2). At both locations with stream
inflows, NEP decreased from the drought to the wet water year
(GB: 49% A —-1.2mmol O, m™> d ! and BW: 39% A
—0.4 mmol O, m~3 d™!), while NEP at the location isolated
from stream inflows increased (SS: 62% A +1.4 mmol O,
m~3dh.

Spatial differences between east and west shore catchments
with and without stream inflows

Comparing paired east and west shore locations with and
without stream inflows from February to September 2023, we
found that areas near streams had higher sediment organic
matter, greater concentrations of inorganic nitrogen, and ele-
vated ecosystem respiration (|ER|) fluxes compared to adjacent
areas isolated from stream inflows. On the east shore (Fig. 3a;
Supporting Information Table S5), GPP was lower

Mountain streamflow and nearshore metabolism

(A —2.0 mmol O, m~3 d "), while |[ER| (A +2.6 mmol O, m 3
d™!' n=23) and SPC (A 7.4 uS cm™*, n = 14) were higher near
the stream inflow. On the west shore (Fig. 3b), |ER| was also
higher near the stream inflow (A +3.9 mmol O, m~3 d7!,
n = 16), but water temperature (A —0.6°C, n = 30), benthic
light (A —7.2umolm ?s~!, n=30), and SPC (A —11.0 uS
cm™~!, n = 14) were lower near the stream inflow, and GPP was
not noticeably different. The east shore location with the
small inflowing stream had the highest NO;™-N (17.8 ug L™%),
NH,"-N (16.0 ug L™Y), and DOC (0.73 mg L™'), while the west
shore location isolated from stream inflows had the highest
ortho-PO,*~ (13.7 ug L™1). Similarly, sediment organic matter
was lower in the shore locations away from inflowing creeks
(29% SH: 10.6 mg mL~!, range: 5.6-70.0 mg mL~'”* and 32%
SS mean: 21.0 mg m L™}, range: 16.1-26.6 mg m L) relative
to the nearshore locations near inflowing creeks.

Streamflow influence on nearshore littoral metabolism
across inflow size in drought and wet conditions

After accounting for temporal autocorrelation, the strength
and direction of environmental drivers on nearshore metabo-
lism varied by shore and between the dry (2022) and wet
(2023) water vyears (Fig. 4b,c; Supporting Information
Tables S6, S7). We observed a large range in the Bayesian R
values for both the GPP and |ER| models (R*: 0.01-0.78), indi-
cating that SEMs captured key drivers of daily metabolism at
some shore areas. At the small inflow during the dry year, the
SEM explained a large portion of the variance in GPP
(R* =0.78) and suggested a strong influence of modeled
drivers on GPP. In contrast, other location-years showed lim-
ited explanatory power (e.g., R* < 0.1), likely reflecting weaker
or more diffuse environmental controls on daily metabolism
(Supporting Information Tables S6, S7). At nearshore locations
with stream inflows (BW and GB), temperature had a positive
effect on GPP at the large stream inflow during the wet year
(BW: 0.38) and at the small inflow during the drought year (GB:
0.35). Similarly, temperature had a slight negative influence on
|ER| at the large stream inflow (BW: —0.07), and a slight positive
influence on |ER| at the small stream inflow during the wet year
(GB: —0.03). At the nearshore isolated from stream inflows, tem-
perature negatively influenced GPP (SS: —0.12) in both years and
did not discernibly affect |ER| in either year. Direct effects of ben-
thic light intensity generally suppressed GPP during both the dry
(BW: —0.62 GB: —0.21, and SS: —0.28) and wet (BW: —0.20, GB:
—0.16, and SS: —0.28) water years across all shore locations. Light
intensity was also weakly associated with |ER|, but most posterior
estimates centered on zero.

Streamflow exerted both direct and indirect influences on
nearshore metabolism. At the shore adjacent to the large
stream inflow, streamflow suppressed GPP during the drought
year (BW: —0.07) and this negative relationship intensified
under wet conditions (BW: —0.23). In contrast, near the small
inflow, streamflow consistently enhanced both GPP and |ER|
across years. During the drought year, GPP and |ER| increased
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Fig. 3. Comparison of (a) east shore mean weekly metabolism dynamics at the small stream inflow (GB in gold circles), and the shore location isolated
from stream inflows (SH in orange triangles) and (b) west shore mean weekly metabolism dynamics at the large stream inflow (BW in blue circles) and
the shore location isolated from stream inflows (SS in green triangles) from February 2nd to September 6th, 2023. Filled in point shapes indicate metabo-
lism as gross primary productivity (GPP) while open shapes correspond to ecosystem respiration (ER). The dashed blue line represented streamflow from
(a) GB creek or (b) BW creek, and vertical teal bars represent precipitation events.

with flow (GPP at GB: 0.55 and |ER| at GB: 0.10). Although
the magnitude of these effects declined in the wet year, they
remained positive (GPP at GB: 0.21 and |ER| at GB: 0.01).
Streamflow also exerted indirect effects on metabolism by mod-
ifying temperature and light conditions. During the drought
year, streamflow strongly reduced benthic temperatures at the
small stream inflow (GB: —1.16), whereas this cooling effect
was considerably weaker during the wet year (0.12). In contrast,
in the drought year, streamflow was positively associated with
benthic light at the large inflow site (BW: 0.17) but negatively
related at the small inflow site (GB: —0.28). During the wet
year, this relationship reversed at GB, coinciding with a delayed
peak in streamflow that more closely aligned with the spring
increase in solar irradiance and flow observed at BW
(Supporting Information Fig. S5). These positive associations
between streamflow and benthic light during the wet year may

reflect the seasonal synchrony of snowmelt-driven discharge
and increasing daylength, rather than direct hydrologic effects
on turbidity or light attenuation.

Precipitation primarily influenced metabolism via its
effects on flow, light, and temperature. Mean daily precipita-
tion increased streamflow during the dry year at both inflow
sites (BW: 0.07 and GB: 0.10) and continued to do so near
the small inflow during the wet year (GB: 0.06). Relative to
streamflow, the effect of precipitation on reducing water
temperature and benthic light availability increased by 45%
and 60% during the wet year. Precipitation significantly
cooled benthic waters during the wet year (BW: —0.12, GB:
—0.22, and SS: —0.07). Across all locations and years, precipi-
tation consistently reduced benthic light availability, with
the strongest suppression occurring at the inflow locations
(wet year BW: —0.33, GB: —0.34, SS: —0.24).

85U80]7 SUOWILIOD BAIIERD 8]qedl|dde ayy Aq peusenob aJe e YO ‘8sn Jo se|nJ Joj Areiqi8UIIUO AB]IA UO (SUORIPUOD-PUB-SWLBIW0D A8 |IMAleIq 1 BUI|UO//:SANY) SUORIPUOD Pue SWB 18U} 89S *[5202/80/90] U0 AriqiTauluO AB[IM ‘SIninsu| Yosessey Wesed Aq ZGTOZ 0U|/Z00T 0T/10p/uod Ae | Areiq1jeuljuo sando sey/sdny wiouy pepeojumod ‘0 ‘0655656T



Loria et al. Mountain streamflow and nearshore metabolism

Process type:

(@)

Lake temp.
Stream

Metabolism Lake

Benthic light

Autoregressive

(b) GPP SEM coefficients (c) IER| SEM coefficients

Metab. ~AR

Metab. ~ Temp.

%
==
Metab. ~ Light ‘&; -&—
o

Metab. ~ Flow

Temp ~ Flow + %_ "' %
Temp ~ PPT % ﬁ%

Light ~ Flow _’_ ,E_&_ '<> _’_ E_&_ _0-
Light ~ PPT %E

I 1
[}
Flow ~ PPT ﬁ ¢

-1.0 0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5
Estimate Estimate

Large inflow ory (WY 2022) [ | No inflow dry Wy 2022) [ | Smallinflow dry (WY 2022)
Flow regime and water year
I Lerge inflow wet (wy 2023) [ No inflow wet (v 2023) [l smail inflow wet (W 2023)

Fig. 4. (a) Path diagram representing the Piecewise Bayesian structural equation model (SEM) of how metabolism (metab., as either gross primary pro-
ductivity [GPP] or ecosystem respiration [|ER|]) is a function of the day prior’s metabolism (AR as GPP;_; or |ER|; ), benthic water temperature (temp.),
benthic light, or streamflow (flow), while accounting for how benthic water temperature and benthic light could also be functions as both streamflow
and precipitation (as PPT). The box color for each parameter represents the type of process associated with a given parameter (light blue for stream, dark
blue for lake, teal for climate, and gray for autoregressive). (b and c) Posterior estimates of path coefficients from SEMs for (b) GPP (in O, m—> d™") or
(c) |ER| (in Oz m~3 d~") at shore locations with either a large stream inflow (BW in blue), a small stream inflow, (GB in gold), or isolated from stream
inflows (SS in green). Water year is represented by fill color transparent for drought (2022) or filled for wet (2023).

Discussion interact to shape nearshore ecological processes at both ends
of the hydroclimatic extremes in Lake Tahoe. Our results
showed how littoral productivity in oligotrophic lakes varies
along shorelines and responds differently to streamflow and
precipitation, depending on the proximity to streams inflows
and hydroclimatic conditions. Nearshore areas adjacent to
stream inflows had lower net ecosystem productivity (NEP)
fluxes, with heterotrophic metabolism regimes. During the
drought year, streamflow exhibited localized and relatively

This study demonstrates that variation in hydrologic con-
nectivity at stream-lake transition zones shape nearshore
metabolism and littoral habitat conditions in oligotrophic
mountain lakes. Our monitoring period captured a dry-to-wet
“hydroclimate whiplash event” in the Pacific Southwest
(Swain et al. 2025), enabling us to evaluate how streamflow,
precipitation, water temperature, and benthic light availability
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modest effects on gross primary production (GPP) and ecosys-
tem respiration (ER). In contrast, the wet year intensified
hydrologic connectivity, amplifying the effect of streamflow
on metabolism; when we observed a 68% increase in the sup-
pressive influence of streamflow on nearshore GPP at the large
inflow site, and a 62% decrease in the strength of the positive
association between streamflow and GPP at the small inflow.
Concurrently, the role of precipitation in modifying physical
habitat conditions (e.g., water temperature and benthic light)
increased in the wet year. Precipitation-driven cooling of ben-
thic waters increased by up to 83%, precipitation-based reduc-
tion in benthic light availability increased by up to 60%. This
shift suggests that under wetter hydroclimatic conditions, pre-
cipitation may supersede streamflow as the dominant control
on light and temperature regimes in the nearshore, thereby
altering the spatial patterning of NEP—suppressing it near
stream mouths while enhancing it at hydrologically isolated
shores. These findings underscore the importance of account-
ing for both spatial heterogeneity and interannual variability
in hydrologic forcing when evaluating lake-stream connectiv-
ity and its ecosystem-level consequences.

Effects of variation in precipitation on streamflow and
nearshore littoral habitat conditions

Even within a single mountain lake basin, nearshore sites
exhibited pronounced spatiotemporal variation in hydrologic
dynamics across contrasting water years. Shifts from a drought
year to a substantially wetter year altered the timing and mag-
nitude of streamflow inputs affecting nearshore environmen-
tal conditions. All nearshore locations (with or without stream
inflows) were subject to prolonged spring run-off conditions
following the historic winter conditions observed in water
year 2023 (Supporting Information Fig. S11), likely leading to
elevated material transport as well as enhanced turbulent
mixing (Langlois et al. 2005; Ohara et al. 2011). In the wetter
year, both of our study catchments experienced marked
increases in snowpack storage (65%) and surface water yield
(56%) relative to the dry year. Mean daily precipitation was
more strongly related to streamflow dynamics during the dry
water year, especially in the smaller, drier catchment (GB),
while the greater snowpack accumulation on the west shore of
Lake Tahoe that supports larger inflowing streams, as well as
the delayed timing of peak flow during the wet year, likely
caused individual precipitation events to become less corre-
lated to streamflow generation in the larger stream.

When comparing the relative importance of lake
vs. stream-driven processes in regulating productivity at the
stream-lake transition zone, we found that both the strength
and direction of these influences varied with shore location
and hydroclimatic context. During the drought year, GPP was
negatively associated with streamflow at the large inflow but
positively associated with streamflow at the small inflow, with
both relationships intensifying in wet conditions. At the
streamflow-isolated site (SS), GPP and ER were largely
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unresponsive to temperature and instead showed stronger
temporal autocorrelation and a consistent negative association
with light across both years. These results indicate that ER at
sites with stream inflows is more responsive to hydrologic
conditions during dry years, while in wetter years, light and
legacy effects (e.g., lagged ER) become more dominant, partic-
ularly at less hydrologically connected locations. Together,
these patterns suggest that nearshore metabolism is increas-
ingly coupled to hydrologic forcing in areas with greater
stream influence, while isolated shorelines remain more
tightly associated with local light and temperature regimes.

Controls on oligotrophic mountain lake nearshore
metabolic processes

Lake Tahoe is a large, high elevation lake renowned for its
clarity; thus, it is likely that ultraviolet solar radiation in sum-
mertime suppresses GPP by limiting algal accrual and photo-
synthesis (Vinebrooke and Leavitt 1996; Huovinen and
Goldman 2000; Tank et al. 2003). Streamflow effects on near-
shore benthic light availability were dependent on the hydro-
climatic context and reflected the differences in snowmelt-fed
inputs. Within a year, streamflow magnitude and light were
positively related at nearshore locations near inflowing
streams, but this is likely driven by concurrent increases in
day length, solar radiation, and thereby increased snowmelt
contributions to streamflow during the spring (Ohara
et al. 2011; Kirchner et al. 2020). Despite the positive relation-
ship between streamflow and light, the amount of light
reaching the benthic lake environment declined substantially.
Similarly, light attenuation increased at the nearshore loca-
tions adjacent to inflowing streams in the wet year, especially
compared to the nearshore location isolated from inflowing
stream contributions. These increases in light attenuation at
inflowing streams are likely because of increased fine particu-
late and sediment loading from the catchments which
decrease lake clarity (Reuter and Miller 2000; Langlois
et al. 2005; Coats et al. 2016).

In large oligotrophic mountain lakes, streamflow can exert
a uniquely powerful influence on nearshore metabolic pro-
cesses by delivering organic matter and nutrient inputs, along-
side hydrologic flushing that can favor ER over GPP (Paul and
Hall Jr 2002; Langlois et al. 2005; Roberts et al. 2018). In Lake
Tahoe, we found nearshore areas with stream inflows tended
to support higher ER, while areas away from stream inflows
tended to support higher GPP and NEP. Large inflows in clear
lakes draining temperate, snow-dominated forests can cause
flushing around the stream-to-lake transition zone, which can
decrease primary producer biomass, dilute nutrient concentra-
tions, lower water temperature, and ultimately reduce GPP
(Paul and Hall Jr 2002). We found that nearshore locations
near inflowing streams had ~ 70% higher sediment organic
matter concentrations relative to areas away from streams and
higher fluxes of ER relative to GPP, suggesting more heterotro-
phic metabolism regimes. These dynamics were especially true
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for the larger stream, which had the highest degree of connec-
tivity to the nearshore. While all nutrient concentrations in
both surface and pore water samples were relatively low, the
combinations of paired stream and non-stream locations on
the east and west shores of the lake demonstrated that near-
shore locations with stream inflows (BW and GB) had higher
mean NO3 -N and DOC concentrations relative to locations
isolated from stream inflows (SS and SH; Supporting Informa-
tion Table S4). Nutrient concentration variation in response to
streamflow was notably stronger for the larger, wetter west
shore sub-catchment (BW) as compared to the smaller, drier
east shore sub-catchment (GB; Supporting Information
Fig. S10).

These observations support similar work in mountain lakes
where drier years favored higher GPP fluxes, while wetter
hydroclimatic conditions favored higher ER fluxes, especially
in the littoral areas closer to inflowing streams (Scordo
et al. 2022a). Drier years in oligotrophic mountain lakes have
been associated with greater algal productivity due to warmer
water temperatures and enhanced contributions from
nutrient-rich groundwater discharge (Périllon et al. 2017;
Naranjo et al. 2019). Most mountainous regions in the
United States are experiencing decreased snowpack persistence
and earlier onset of melt (Musselman et al. 2021; Siirila-
Woodburn et al. 2021; Hale et al. 2023), subsequently altering
the timing and amount of surface water and solutes to lake
ecosystems from year to year (Dodds et al. 2019; Oleksy
et al. 2021a; Dettinger and Rajagopal 2023). Therefore, projec-
ted climate trends of greater hydroclimatic volatility (Swain
et al. 2025) as well as warmer temperatures, lengthier
droughts, lower streamflow, and enhanced groundwater nutri-
ent delivery in mountain basins (Naranjo et al. 2019;
Vadeboncoeur et al. 2021; Musselman et al. 2021) may facili-
tate more gross primary productivity in the nearshore of oligo-
trophic mountain lakes. Given the causal influences of
streamflow on nearshore metabolism and water temperature,
exploring other fine spatial scale processes (e.g., groundwater
inflows, offshore circulation) would offer valuable insight into
other key drivers of benthic metabolic regimes.

Conclusion

Mountain lakes are sentinels of environmental change
(Moser et al. 2019). While internal lake processes modify
whole-lake (i.e., both pelagic and benthic) responses to global
change (Baron and Caine 2000), the nearshore (i.e., littoral)
zone around the edges of mountain lakes may be more
susceptible to changes brought on by increasing hydroclimatic
volatility (Scordo et al. 2022a). In this study, we captured a
dry-to-wet hydroclimate whiplash event in the Pacific South-
west (Swain et al. 2025) that substantially increased
streamflow to the nearshore of Lake Tahoe. Streamflow dic-
tates how materials enter aquatic ecosystems and can also
directly facilitate or suppress benthic productivity. Streamflow
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responses to changing snow dynamics can be highly variable
across small (e.g., sub-catchment) spatial scales despite similar
regional precipitation patterns (Kirchner et al. 2020; Gordon
et al. 2022). Our results highlighted how hydrologic variation
in stream inflows can lead to variation in carbon cycling and
primary productivity on sub-annual timescales (i.e., weeks to
months). For example, algal productivity in the nearshore can
respond more rapidly to hydrological changes relative to
pelagic phytoplankton productivity (Scordo et al. 2022a), lead-
ing to shifts in the benthic community assembly that can alter
nitrogen availability (Reuter et al. 1986; Oleksy et al. 2021b;
Atkins et al. 2021).

While we acknowledge that some unexplained variation in
the nearshore metabolism in this study may reflect
unmeasured factors such as benthic grazing or lateral mixing,
these findings advance our understanding of how benthic pro-
ductivity in the nearshore varies with proximity to stream
inflows across contrasting hydrologic regimes. We show that
even low-order streams can measurably influence nearshore
metabolic dynamics, and that the magnitude and direction of
this influence can differ markedly among tributaries within a
single lake. These results underscore the heterogeneity of near-
shore ecosystem function and highlight the importance of
considering fine-scale spatial variation along complex lake
shorelines. Improved mechanistic understanding of these
transition zones will be critical for forecasting changes in car-
bon cycling and primary production in freshwater systems
increasingly shaped by hydroclimatic volatility.
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