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Abstract: Animals can have strong impacts on biogeochemical processes. These
zoogeochemical impacts occur via biomass-dependent direct effects and via indirect effects that
are linked to the ecophysiological and behavioral traits of animals. In streams, animals may
affect C transport and mineralization by altering ecosystem metabolism—the balance of
ecosystem respiration (ER) and gross primary productivity (GPP). Freshwater mussels occur in
dense aggregations and can affect stream ecosystem metabolism, but these effects depend on
interspecific variation in traits. Our goal was to test how the impacts of mussel aggregations on
ecosystem metabolism are mediated by species traits. We conducted a field experiment using
custom self-contained chambers designed to measure ecosystem metabolic rates. Each chamber
contained 1 of 4 monospecific mussel treatments with contrasting traits. We quantified ER and
GPP in each chamber during late-summer and autumn incubations. We also tracked individual
mussel movement patterns during the late-summer incubations to test for bioturbation effects.
ER increased with mussel biomass and thermal sensitivity, and GPP increased with N excretion.
Increases in ER in the presence of thermally sensitive mussels were larger in the late summer.
Mussel vertical movement frequency and depth varied by species, but horizontal movement did
not. Burial depth and vertical movement frequency were higher in thermally sensitive species
than tolerant species, suggesting sensitive species respond both behaviorally and physiologically
to temperature. Increased movement frequency appeared to increase background ER via
bioturbation. Comparison of benthic CO; exchange between mussel species treatments suggested
that mussels drive detectable changes in stream C cycles. Overall, our findings indicate that
mussel ecophysiological and behavioral traits constrain their impacts on ecosystem metabolism.
An improved understanding of how traits mediate zoogeochemical effects may improve our

ability to anticipate and predict changes in freshwater C cycling and create an interdisciplinary
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synergy between biogeochemistry and conservation.
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INTRODUCTION

Animals can have strong impacts on biogeochemical processes, such as C cycling (Dirzo
et al. 2014, Schmitz et al. 2014, 2018). These zoogeochemical effects (sensu Schmitz et al. 2018)
can be large relative to the proportion of animal biomass in the ecosystem because animals not
only have biomass-dependent direct effects but also indirect effects that propagate through the
community (Schmitz et al. 2014, Schmitz and Leroux 2020). Zoogeochemical effects on the C
cycle are best understood in terrestrial and coastal marine ecosystems (Mclnnes et al. 1992,
Wilmers et al. 2012, Strickland et al. 2013, Atwood et al. 2018), but animals also influence
freshwater C pools and fluxes via ecosystem engineering, trophic interactions, and the creation
of biogeochemical hotspots (Schindler et al. 1997, Hall et al. 2003, Atwood et al. 2013, Atkinson
et al. 2018, Nummi et al. 2018). However, freshwater animals are subject to disproportionate
rates of defaunation compared with terrestrial and marine animals, which may alter freshwater
zoogeochemical impacts on the C cycle (Strayer and Dudgeon 2010, Reid et al. 2019).
Furthermore, freshwater ecosystems are critical components of the global C cycle (Cole et al.
2007, Raymond et al. 2013, Hotchkiss et al. 2015, Maranger et al. 2018). Thus, an improved
understanding of zoogeochemical effects on freshwater C cycles should also yield improved
predictions of changes in C storage and exchange.

C transport and mineralization in streams is governed by ecosystem metabolism, or the
balance of ecosystem respiration (ER) and gross primary productivity (GPP; Hall et al. 2016).
The proximate drivers of stream metabolism are typically photosynthetically active radiation
(PAR), temperature, and nutrient availability (Mulholland et al. 2001, Munn et al. 2023).
However, animals may also alter ER and GPP—and thereby C cycling—through direct and

indirect mechanisms that are tied to their ecophysiological and behavioral traits, including
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metabolic rates, trophic compartments, and movement activities (Steinberg and Landry 2017,
Schmitz and Leroux 2020). The trait that most directly regulates zoogeochemical effects on
stream metabolism is organismal respiration rate because ER is the sum of organismal respiration
across the ecosystem. However, these impacts may be small or variable, with estimates of the
direct contributions of animals to whole-stream ER as low as 1% for fishes (Hall 1972) and
ranging broadly from 2 to 25% for macroinvertebrates, depending on habitat type (Wilhm 1970).
On the other hand, indirect zoogeochemical effects can be quite large. For example, trophic
cascades resulting from the addition of a stonefly predator to experimental streams caused a 94%
reduction in CO; efflux (Atwood et al. 2013). In an Andean piedmont stream, experimental
removal of detritivorous fish indirectly led to a 150% decrease in the ratio of GPP to ER (Taylor
et al. 2006). Collectively, these studies indicate the potentially significant role that animals play
in constraining freshwater C cycles.

Freshwater mussels (Unionida) are burrowing bivalves that can have strong
zoogeochemical effects in streams because they aggregate in dense, species-rich assemblages
(Atkinson and Vaughn 2015, Atkinson et al. 2018, Hopper et al. 2021, Atkinson and Forshay
2022). Within an aggregation, species express broad variation in ecophysiological traits, such as
body size, metabolic rates, and thermal tolerance (Spooner and Vaughn 2008, Vaughn 2012, van
Ee et al. 2022). Such traits mediate the strength of mussel zoogeochemical effects. For example,
mussel respiration can directly contribute 16 to 43% of ER at summer base flow (Atkinson et al.
2018), and mussels can alter GPP via excretion of N and P, which fertilizes primary producers
(Allen et al. 2012, Atkinson et al. 2013, Lopez et al. 2020). Mussel respiration and excretion
rates increase with temperature because mussels are ectotherms. Mussel species can be classified

into 1 of 2 thermal tolerance guilds depending on the relative changes they experience in their
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respiration and excretion rates at elevated temperatures. The thermally sensitive guild includes
mussels that tend to catabolize resources from their own tissue at high temperatures, whereas the
thermally tolerant guild can continue to assimilate resources via anabolism (Spooner and Vaughn
2008). Temperature-related increases in excretion and respiration rates are often higher in
thermally sensitive species than thermally tolerant species (Spooner and Vaughn 2008, van Ee et
al. 2022).

Additionally, mussel species vary in their behavioral traits, such as the distance and
frequency with which they burrow through the substrate (Allen and Vaughn 2009, Gough et al.
2012, Newton et al. 2015, Curley et al. 2022). Mussel burrowing may have indirect effects on
benthic stream metabolism via bioturbation. Bioturbation-driven alterations to benthic
metabolism tend to increase ER and CO; efflux from the sediment by increasing O penetration
and, thereby, aerobic respiration, but the strength of bioturbation depends on animals’ specific
burrowing traits (Mermillod-Blondin and Rosenberg 2006, Thomson et al. 2019). The rate and
depth at which mussels burrow are functions of species identity and environmental conditions
like temperature and water depth (Allen and Vaughn 2009, Newton et al. 2015, Curley et al.
2022). For example, horizontal movement allows thermally sensitive species to track receding
water levels, whereas more-tolerant species may simply burrow deeper in the sediment to escape
emersion and high temperatures (Gough et al. 2012). Although mussel bioturbation effects have
been studied (Matisoff et al. 1985), the potential for mussel behavioral traits to mediate their
impacts on benthic metabolism has yet to be tested.

In this study we sought to understand how mussel species identity and traits mediate their
influence on benthic metabolism. We sought to answer the overall question of which mussel

species traits are most important in mediating benthic metabolism in mussel beds. We tested the
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following hypotheses: H1) after accounting for environmental drivers (e.g., PAR, temperature),
benthic metabolism in mussel beds is mediated by mussel species traits including biomass,
excretion, and thermal tolerance; H2) thermally sensitive species have stronger impacts than
tolerant species on benthic metabolism in the late summer but not the autumn because thermally
sensitive species have stronger ecophysiological and behavioral responses to increased
temperatures; H3) after accounting for mussel respiration, background benthic ER is higher in
the presence of more-mobile mussels because of increased bioturbation. Finally, we sought to
characterize the overall patterns in mussel-driven net zoogeochemical effects on benthic CO;

exchange across the experiment.

METHODS

We conducted an in situ field experiment using self-contained metabolic incubation
chambers under contrasting environmental conditions in the late summer and the autumn in the
Sipsey River, an undammed, 5™-order tributary of the Tombigbee River in western Alabama,
USA. The Sipsey River hosts a diverse and abundant mussel fauna, including most of its
historical species richness (McCullagh et al. 2002, Haag and Warren 2010). The surrounding
watershed is largely forested with extensive floodplain wetlands and low background nutrient
concentrations (Atkinson et al. 2019). The study site was an ~50-m reach of a shallow run with

gravel and sand substrate.

Experimental design
Our experimental design featured 39 self-contained metabolic chambers. The

construction and installation of the chambers is described in detail in Appendix S1. Briefly, each
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chamber consisted of a tubular PVC base (radius = 0.254 m) and a removable hemispheric
acrylic dome of equal radius. We installed the chamber bases between 6 July and 24 August 2023
by burying them flush with the sediment surface along a series of 23 lateral transects that were
~2 m apart. We placed 2 chamber bases ~2.5 m apart along most transects. The 4 transects
furthest downstream only had 1 chamber because hydraulic forces prevented installation in some
portions of these transects.

We removed all mussels present at the installation locations prior to burying the
metabolic chamber bases. Each chamber was randomly assigned either as a control with no
mussels restocked (n = 7) or as 1 of 4 species treatments (n = 8 each). We restocked the treatment
chambers with 7 individuals from 1 of 4 different mussel species with contrasting traits (Fig.
1A): Amblema plicata (Say, 1817) (large, thermally tolerant, moderate excretion rates),
Fusconaia cerina (Conrad, 1838) (small, thermally tolerant, low excretion rates), Lampsilis
ornata (Conrad, 1835) (large, thermally sensitive, high excretion rates), and Pustulosa
kieneriana (Lea, 1852) (small, thermally sensitive, moderate excretion rates) (Atkinson et al.
2020a, b, van Ee et al. 2022). These are common species that represent a cross section of the
phylogenetic and functional diversity of the Sipsey River mussel fauna (Atkinson et al. 2020b).
All mussels were restocked from the same site where the experiment was conducted. The
resulting density (35 ind./m?) is reflective of a high-density patch in a healthy mussel bed in the
Sipsey River (Haag and Warren 2010, Atkinson and Forshay 2022). We also measured the length
of each mussel and estimated their biomass using length—mass equations taken from Atkinson et

al. (2020a).

Benthic metabolism
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Incubations After installation, we left the chamber bases undisturbed for at least 2 wk for
sediment conditions to equilibrate before conducting benthic metabolism incubations. We
performed incubations by sequentially affixing the chamber domes to each of the buried bases to
create fluid-tight chambers (Appendix S1, Fig. 1B). To calculate benthic metabolic rates, we
conducted 2 sets of incubations: 1 in late summer (19-28 September) and 1 in autumn (23-27
October) of 2023.

Before, during, and after both the late-summer and autumn incubation periods, we
visually checked all chambers for mortality. We also re-collected all mussels from each chamber
at the end of the late-summer incubations, verified their identities, and replaced them. When we
observed mortality before an incubation period, we carefully replaced the deceased mussel with a
live mussel of the same species so as to minimize disturbance to the sediment. When we
observed mortality after an incubation period, we removed any recorded deceased mussels from
the biomass estimates for their respective chambers. All mortality occurred before or during the
late-summer incubation. In total, 15 mussels (~7%) died during this period. Of these mussels, 11
were located and replaced at least 2 d prior to the late-summer incubations. The other 4 were
located and replaced on the day of their respective chamber incubations. We were also unable to
locate 2 mussels during the verification check after the late-summer incubations, so these
mussels were not included in biomass calculations. Given the rarity of mortality and the fact that
most deceased mussels were removed and replaced well in advance of the incubations, we
assume that any impact of mussel tissue decomposition on our results was negligible.

The late-summer incubations were characterized by warmer incubation temperatures
(23.8-25.0°C) and higher flows at the nearest United States Geological Survey stream gauge

#02446500 (mean daily discharge = 1.69—1.93 m?/s) than the autumn incubations, which had
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cooler incubation temperatures (17.7-19.3°C) and slightly lower flows (1.56—1.73 m®/s). We
placed a Hobo® dissolved O, (DO) data logger (U26-001; Onset® Computer Corporation,
Bourne, Massachusetts), a recirculating pump (flow rate = 1 L/min), and a Hobo Pendant
Temp/Light 64K data logger (UA-002-64; Onset Computer Corporation) into each chamber (Fig.
1B). We set loggers to record DO, light, and temperature values every minute. We truncated
water temperature and light intensity data to match the interval of O flux curves (see “Metabolic
rate calculations” below). During each incubation period, we assembled 4 PAR calibration
chambers containing both a Pendant and a PME miniPAR logger (Precision Measurement
Engineering, Vista, California). The Temp/Light loggers record light intensity values, which
scale nonlinearly with PAR. We used the PAR calibration chambers to generate an asymptotic
curve estimating PAR from light intensity (Long et al. 2012). We used the PAR calibration
chamber data to conduct a nonlinear least squares regression to estimate PAR from light intensity
(Fig. S1; Long et al. 2012) (R package drc, version 3.0.1; Ritz et al. 2015) in R statistical
software (version 4.2.3; R Project for Statistical Computing, Vienna, Austria).

During each incubation period, we conducted 6 to 9 incubations daily, depending on the
number of people on the field crew that day. This meant we were conducting incubations over
several days, so we randomized the order in which we conducted these incubations. Each
incubation lasted 4 h, and incubations were started serially (i.e., after 1 incubation was started,
we immediately started the next). For the first 2 h, we used 100% light-blocking greenhouse
shade cloth to halt primary production and isolate benthic ER. This 2-h dark period ensured
sufficient change in O2 concentrations to calculate ER. After the dark period, the tarp was
removed, allowing primary production to resume for an additional 2 h. One limitation imposed

by these incubation methods is that bivalves are known to close their shells in response to

10
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darkness or shadows (Wilkens 2008). The impacts that this shadow response has on metabolism
is unknown; however, some mussel species show variation in filtration behavior in response to
darkness (Hills et al. 2020, Pouil et al. 2021). As such, we cannot rule out the possibility that
mussel impacts on metabolism vary among light and dark conditions, and the results of the

present study should be interpreted with this caveat in mind.

Metabolic rate calculations We calculated ER and GPP using time series Oz concentration data
collected by the DO loggers during each incubation. We split the resulting dataset into light and
dark incubations, then conducted local linear regression analyses on the resulting Oz flux curves
(package LoLinR, version 0.0.0.9000; Olito et al. 2017). Local linear regression reduces bias and
increases accuracy in the estimation of monotonic biological rates by identifying the slope of the
most linear subset of a time series, reducing the need for potentially subjective measures such as
manual data truncation (Olito et al. 2017, Roth et al. 2019). The LoLinR package (function
rankLocReg) requires the user to set a minimum proportion (@) of the total number of
observations in the time series (N) to be used in the analysis. At minimum, a x N > 15. In our
dataset, N was ~120 min, so we used a = 0.3 (30% of the dataset or 40 min). However, our data
still required manual truncation in the presence of saturation effects or when noise or sensor
failures occurred near the middle of an incubation. In such cases, we removed the problematic
portion of the time series and reran the analysis (n = 64 of 156 total incubations). The shortest
truncated time series were 15 min long to capture the initial increase in DO that occurred prior to
DO saturation in some chambers. We were unable to isolate a linear signal from 1 light
incubation. The slopes of the O fluxes, standardized for chamber volume and surface area (g O>

m~2 h™!) represented ER in dark incubations and net ecosystem productivity (NEP) in light

11
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incubations. We calculated GPP as NEP + ER.

Variation in metabolism among treatments and between seasons We fit separate exploratory
2-way analysis of variance (ANOVA) models to characterize variation in ER and GPP within and
among species treatments and seasons (late summer vs autumn). We conducted pairwise post hoc
tests using estimated marginal means (EMM) with Tukey-adjusted p-values (R package
emmeans, version 1.10.3; Lenth 2023). This analysis was intended only to test for overall
differences, not to identify the drivers of that variation or test our hypotheses. We determined
that the models conformed to the assumptions of homogeneity of variance and appropriate

residual distributions based on scale-location plots and histograms.

Nutrient excretion and sediment organic matter

In between the late-summer and autumn incubations, we quantified mussel excretion
rates and sediment organic matter content. We measured N (as NH4"-N) and P (as soluble
reactive P) excretion rates for 1 randomly selected mussel from each incubation chamber while
ambient water temperatures were at 23.9°C (see Appendix S1 for detailed methods). We
multiplied those excretion rates by the total mussel biomass in each chamber to estimate total
hourly N and P excretion for each chamber (Fig. S2). On 9 October 2023, we collected a
sediment core from the center of each chamber (depth = 20 cm, volume = 912 cm?), placed the
cores on ice, and returned them to the lab. Immediately upon removing the sediment cores, we
replaced the removed sediments by hand with sediments adjacent to the incubation bases and
allowed these sediments to re-equilibrate in between the late-summer and autumn incubations.

Sediment cores were dried to a constant mass at 60°C for a minimum of 48 h. We then took a

12
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homogenized subsample of each core to determine organic matter content. We weighed each
subsample to determine dry mass (DM) and then combusted them at 550°C for 6 h. After
combustion, subsamples were weighed to calculate ash-free dry mass (AFDM). We sampled
excretion and sediment cores once between the late-summer and autumn incubations and assume
that our measurements are representative of patterns in both incubation periods. Finally, we
determined sediment organic matter content (%OM) based on sediment DM and AFDM values,

where %OM = 100(DM — (AFDM / DM)).

Effects of mussel ecophysiological traits on benthic metabolism

We identified the potential drivers of variation within and among treatments by modeling
the effects of biomass, thermal tolerance, and nutrient excretion on benthic metabolism (H1, H2)
with linear mixed-effects models (LMM) (R package /me4, version 1.1.35.5; Bates et al. 2015).
Our models also included environmental covariates that have proximate impacts on benthic
metabolism: temperature, PAR, and %OM. Testing specific drivers allowed us to identify sources
of variation that might be masked when conducting simple categorical comparisons that do not
account for environmental covariates or species traits. We tested whether fixed effects improved
model fit using Type II Wald chi-square tests (R package car, version 3.1.2; Fox and Weisberg
2019). We also refit all LMM with scaled and centered fixed effects to derive standardized
coefficient estimates (f + SE) as a measure of effect size for fixed effects with p-values < 0.05.
estimates should be interpreted as the relative strength of the relationship of each fixed effect to
the response variable when all other fixed effects are at their means. Our LMM analyses included
all experimental and control chambers as observations.

To test how mussel biomass, thermal tolerance, and nutrient excretion affected benthic

13
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metabolism (H1), we constructed 2 models with log-transformed ER and GPP as the respective
response variables. Thermal tolerance was coded as a categorical fixed effect (sensitive, tolerant,
or control), and all other fixed effects were coded as continuous variables. We addressed H2 by
including an interaction term between thermal tolerance and temperature to determine whether
there were any seasonal differences for effects of thermal tolerance on ER or GPP. We included
chamber as a random intercept to account for repeated measures across seasons. The ER model
was structured as
log ER ~ biomass + sediment %OM + thermal tolerance
X mean dark incubation temperature + (1 | chamber).
The GPP model was structured as
log GPP ~ N excretion + P excretion + mean PAR + thermal tolerance
X mean light incubation temperature + (1 | chamber).
We determined that all models in the parametric analyses, including subsequent analyses,
conformed to the assumptions of no multicollinearity, homogeneity of variance, and appropriate
residual distributions based on variance inflation factors, scale-location plots, and histograms,

respectively.

Potential nutrient limitation of algal accrual To place potential excretion effects into context,
we analyzed data from a previously unpublished nutrient limitation study conducted in
September 2016 to assess nutrient limitation, following methods in Atkinson et al. (2013). The
aim of this analysis was to determine whether benthic algal accrual was limited by nutrient
availability in the Sipsey and, consequently, whether mussel excretion was likely to increase

benthic primary production and thereby alter metabolism. Briefly, we used nutrient diffusing

14
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substrates (NDS) to assess whether benthic algae accrual was either limited by N or P or co-
limited by both nutrients. Each NDS consisted of a series of 30-mL cups filled with 2% agar
solution and additions of NOs;~ (N; 0.5 M NaNOs), PO+*~ (P; 0.5 M KH,PO4), N + P (NP; 0.5 M
NaNOs + 0.5 M KH>PO4), or control (C) treatments of agar alone. Each cup was capped with a
fritted glass disk as a substrate for algal accrual and secured to an L-bar. We deployed 9
replicates of each treatment (N, P, NP, C) at 11 sites in the Sipsey River with variable mussel
densities. We categorized sites with clearly defined mussel aggregations and densities >15
ind./m? as high-mussel sites (n = 6) and sites with no clear aggregation and mussel densities <15
ind./m? as low-mussel sites (n = 5). We allowed the NDS to incubate for 18 d before collection,
then removed the fritted disks, placed them on ice, and transported them to the lab. We extracted
chlorophyll a (Chl a) from the disks in acetone and quantified Chl a concentrations with
spectrophotometric methods (Steinman et al. 2017).

We then analyzed algal accrual (Chl a) data with an LMM with treatment, mussel
presence, and treatment X mussel interaction as fixed effects and site as a random effect (R
package /me4). We used EMM with Tukey-adjusted p-values to test the response of Chl a accrual

to nutrient addition treatments at high-mussel and low-mussel sites (R package emmeans).

Burrowing behavior

To quantify mussel movement behavior, we tagged each mussel with a unique 3-digit
identification number. We affixed a shellfish tag (Floy Tag and Manufacturing, Inc., Seattle,
Washington) displaying the identifier and a segment of fly line with a waterproof paper tag
bearing the same identifier to the shell of each mussel. Once/wk for 4 wk (5-27 September), we

conducted movement surveys to identify the position of each mussel in each chamber.

15
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We quantified horizontal movement by placing a circular aluminum grid with square cells
over the entire area of each chamber base (Fig. 1C). Each cell was labeled using a row—column
coordinate system. We locked the grids into place in the same position each week and recorded
the coordinates where each mussel was found. We created a horizontal movement index by
summing the number of grid cells traveled both row-wise and column-wise during each week for
each mussel. When mussels were found on the border of 2 cells, we indexed their movement as
2 a cell.

We quantified vertical movement based on the proportion of mussels in each species that
moved vertically. Each week, we recorded whether each mussel was visible at the surface or
buried. If a mussel went from buried in the previous week to the surface in the next week, or vice
versa, it was assigned a score of 1. If it stayed at the surface or buried between consecutive
weeks, it was assigned a score of 0. For mussels that were buried, we measured the length of the
fly line that was visible above the sediment surface and calculated burial depth as the difference
between that length and the total length of the attached fly line.

To test whether differences in the magnitude and frequency of horizontal and vertical
movement by mussels differed by species and thermal tolerance, we used extensions of the linear
model framework. We tested whether horizontal movement differed between species and thermal
tolerances by applying an aligned rank transform (ART) to the horizontal movement index and
using nonparametric 1-way ANOVA (R package ARTool, version 0.11.1; Wobbrock et al. 2011).
Species and thermal tolerance were factors in their respective models, and tag number was a
random error term in these models to account for repeated measures. Then, we used generalized
linear mixed-effects models (GLMM; R package /me4) to test whether vertical movement

frequency differed between species and thermal tolerance groups, with species or thermal
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tolerance as a fixed effect and tag number as a random effect (binomial family, logit link). We
obtained p-values for GLMM fixed effects using Wald z statistics. Finally, we tested whether
burial depth differed between species and thermal tolerances by again applying ART ANOVA for
both species and thermal tolerance with tag number as a random error term. We conducted
pairwise post hoc tests using EMM with Tukey-adjusted p-values for GLMM (R package

emmeans) and ART-C contrasts for ART ANOVA (Elkin et al. 2021).

Indirect effects of mussel burrowing behavior on benthic metabolism To test for potential
indirect mussel-driven bioturbation effects on background benthic ER (H3), we first used lab-
calculated respiration rates to approximate the proportion of ER driven by mussel respiration
during the late-summer incubation period. We used WebPlotDigitizer (version 4.6; A. Rohtgi,
Automeris.io; https://automeris.io) to extract mass-specific respiration rates for the 4 study
species at 20 and 30°C (van Ee et al. 2022). The mean late-summer incubation temperature was
24.1°C, so we averaged the respiration rates calculated at 20 and 30°C for each species to infer
respiration rates at ~25°C. We use these rates as estimates only because laboratory-measured
rates may not exactly replicate in situ respiration rates because of the inherent physiological and
behavioral constraints faced by organisms in microcosms. We multiplied mass-specific rates by
the total mussel biomass in each chamber and subtracted the resultant value from total benthic
ER to yield an estimate of background benthic ER for each chamber. Then we used a model-
selection approach to identify whether the movement variables we assessed were likely to
explain variation in background ER (R package MuMIn, version 1.48.4; Barton 2023). The data
for the model selection procedure included only complete cases with nonmissing values for all

variables. The global model was a multiple regression with log-transformed background ER as
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the response variable, structured as
log ER ~ (mean horizontal movement + mean vertical movement + mean burial depth)
X mean dark incubation temperature + sediment %OM.
We present only models within AAICc < 2 of the top model. We used the model with the highest
adjusted R? to hypothesize which terms were most strongly associated with variation in

background ER based on Type II F tests of the model terms and f estimates.

Net zoogeochemical effect

To quantify the relative impact that mussels had on benthic C exchange in our
experiment, we converted O fluxes to CO, assuming a 1:1 molar respiration quotient. We then
calculated % change in mean CO: exchange between each species treatment relative to the
control in both seasons. Positive % change values represented a mean increase in benthic CO»

uptake relative to the controls, whereas negative values represented increased CO» efflux.

RESULTS

Mussel biomass, thermal tolerance, and nutrient excretion affect benthic metabolism
Benthic ER ranged from 0.0303 to 0.2090 g O m 2 h™! in late summer and from 0.0188

to 0.0914 mg O> m 2 h™! in autumn. ER differed among species treatments (Fa 63 = 8.0, p <

0.0001) and season (F,63 = 14.1, p <0.0001), but there was no species x season interaction (F4,s

=1.1, p=0.3; Table S1, Fig. 2A). ER was best explained by increased mussel biomass (£ =

0.364 + 0.121), increased dark incubation temperature (8 = 0.176 + 0.178), and the presence of

thermally tolerant (8 = 0.327 + 0.330) or thermally sensitive (8 = 0.794 + 0.338) mussels but

was not explained by sediment %OM or the tolerance % temperature interactions (Tables 1, S2,
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Fig. 2B).

Benthic GPP ranged from 0.0740 to 0.3950 mg O> m h™! in late summer and from
0.0788 to 0.6600 g O m h™! in autumn. GPP differed among species treatments (Fae7 = 4.0, p =
0.006) and season (F1,67=4.9, p = 0.03), but there was no species x season interaction (Fs,67 =
0.5, p = 0.8; Table S3, Fig. 2C). GPP was best explained by increasing N excretion (8 = 0.550 +
0.220), decreasing P excretion (8 = —0.420 £ 0.199), and decreasing light incubation temperature
(8 =-0.203 + 0.188), but not by PAR, thermal tolerance, or the tolerance x temperature
interaction (Tables 1, S4, Fig. 2D).

Chl a concentrations from the 2016 NDS study were best explained by nutrient treatment

(* =25.3, p<0.0001, df = 3) and the nutrient x mussel interaction (y*> = 31.9, p < 0.0001, df =
3) but not mussel presence alone (y> = 0.4, p = 0.5, df = 1). Chl @ was higher on all nutrient

addition treatments than controls at high-mussel sites but only increased on the NP treatment at

low-mussel sites (Table S5, Fig. 3).

Vertical movement and burial depth depend on species identity and thermal tolerance
Horizontal movement did not differ between species treatments (F3,131 = 1.0, p = 0.4;
Table S6, Fig. 4A) or thermal tolerance treatments (#1133 = 0.3, p = 0.6; Table S7, Fig. 4B).
However, vertical movement frequency did differ between species (y% = 22.4, p < 0.0001, df = 3;
Table S8, Fig. 4C). Vertical movement also differed with thermal tolerance (y% = 6.6, p = 0.01,
df = 1; Table S9), with thermally sensitive species tending to bury or unbury more frequently (z =
2.6, p=10.01, df = 1; Fig. 4D). Burial depth varied between species (F3,196 = 40.8, p < 0.0001;
Table S10, Fig. 4E) and thermal tolerances (F1,1908 = 70.9, p < 0.0001; Table S11), with thermally

sensitive species tending to bury deeper than thermally tolerant species (¢ = 8.4, p <0.0001, df =
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198; Fig. 4F).

Bioturbation is associated with increased ER

Among the top models of background ER as a function of movement, the most common
explanatory variables were mean horizontal movement (n = 6) and mean burial depth (n = 6),
followed by mean vertical movement (n = 2), mean dark incubation temperature (n = 2), and the
burial depth x temperature interaction (n = 1; Table 2).

The most variation in background ER was explained by a model including mean burial
depth, mean dark incubation temperature, weekly mean horizontal movement, and the burial
depth x temperature interaction (Fa25 = 2.7, p = 0.06, R%q; = 0.19; Table 2, Fig. 5). Background
ER was best explained by increased horizontal movement (Fi2s = 5.1, p =0.03; § =0.519 +
0.188; Tables S12, S13, Fig. 5). The other terms in the model generally had positive associations
with background ER but did not explain variation well (burial depth: F125=2.0, p=0.2, f =
0.305 + 0.170; temperature: Fi25 =0.2, p=0.7, 8 = 0.216 + 0.175; burial depth x temperature

interaction: F125=3.3, p =0.08, [? =-0.390 + 0.213; Tables S12, S13, Fig. 5).

Net zoogeochemical effect on C exchange varies between species and seasons

Relative change in benthic CO; flux across species treatments ranged from —45.1 to
62.9% in the late summer and from —18.5 to 104.0% in the autumn (Fig. 6). On average, 4.
plicata and P. kieneriana were associated with increases in CO: uptake in both late summer and
autumn. The magnitude of this increase was larger for 4. plicata in the autumn than the late
summer but similar between seasons for P. kieneriana. Fusconaia cerina was associated with a

relatively small increase in CO; efflux in both seasons. Lampsilis ornata was associated with
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increased CO; efflux in the late summer but an increased uptake in the autumn, making it the
only species that had different directionality in its average zoogeochemical effects between

seasons.

DISCUSSION

We sought to determine which species traits were most important in mediating the
impacts of freshwater mussels on benthic metabolism. Our findings support a growing body of
evidence that animals can have strong impacts on C cycling in freshwater ecosystems (Schindler
et al. 1997, Hall et al. 2003, Atwood et al. 2013, Atkinson et al. 2018, Nummi et al. 2018).
Biomass and thermal tolerance traits regulated the strength of mussel direct impacts on ER,
whereas variation in excretion and movement behavior were associated with indirect changes to
GPP and ER. These direct and indirect mechanisms contributed to substantial interspecific
variation in the average zoogeochemical effects of mussels on benthic C exchange. The
magnitude of the zoogeochemical effects in this study suggests that animals can have strong
effects on stream C cycles. Further, animal biogeochemical contributions should not be
overlooked, and linkages between animal conservation and biogeochemistry should continue to
be explored.

As expected, the differences in benthic metabolism that we observed were associated
with mussel species traits and with light and temperature (H1). Increasing mussel biomass led to
higher ER because of the inherent relationship between body size and organismal metabolic rates
(Brown et al. 2004). Mussel biomass had a stronger effect on ER in our experiment than
increased temperature, although the SEs of the respective 8 estimates overlapped. Mussel-driven

N excretion was positively associated with GPP, and NDS results suggested that sites with
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mussels may be limited by N or P or co-limited by both nutrients. We speculate that the site may
be N limited, and mussels may promote benthic algal production there by alleviating nutrient
limitation, as has been documented in other systems (Allen et al. 2012, Atkinson et al. 2013,
Lopez et al. 2020). Surprisingly, P excretion was negatively associated with GPP. It is difficult to
surmise a biological reason for a negative relationship between P and GPP, so it is possible this
apparent relationship is a statistical or stoichiometric artifact. For example, L. ornata had much
higher P excretion than A. plicata but similar N excretion and considerably lower GPP—perhaps
the contrast in P excretion between species influenced the coefficient estimates, but N excretion
is more important from a biological standpoint. The observed increase in GPP as temperatures
declined in the autumn was likely driven by the extended period of low flow that occurred during
our experiment because benthic filamentous algae and Chl a tend to accrue between scouring
flows (Francoeur and Biggs 2006, Davie 2012). Algal assemblage sampling was beyond the
scope of this study, but we observed substantial filamentous algae accrual as flow decreased
between late summer and autumn, likely increasing GPP despite the ~6°C decrease in water
temperature.

Our findings also suggest that thermally sensitive species can have disproportionate
zoogeochemical effects on stream ecosystems even after accounting for biomass (H2). Van Ee et
al. (2022) modeled NHj3 excretion for thermally sensitive and thermally tolerant species from the
Sipsey River across a seasonal temperature gradient and found that at low (10°C) to moderate
(20°C) temperatures, the contributions of sensitive species to ER were proportionally similar to
their biomass in the assemblage; however, at high temperatures (30°C), the effects of sensitive
species increased by an additional 13.7 to 15.2%. In our study, the mean impact of thermally

sensitive species on ER was over 2% stronger than the impact of tolerant species. This result
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supports other evidence that the relative abundance of thermally sensitive taxa can fundamentally
alter stream ecosystem function (Spooner and Vaughn 2008, Vaughn et al. 2008).

The frequency and depth of vertical movement by mussels also varied with thermal
tolerance, but horizontal movement did not. The tendency of thermally sensitive species to bury
deeper and move between the surface and subsurface with higher frequency supports the
hypothesis that these species respond to temperature both physiologically and behaviorally
(Gough et al. 2012). Variability in movement may indirectly increase background rates of benthic
ER via bioturbation (H3). Horizontal movement and burial depth were included in most models
we tested to identify relationships between movement and background ER, suggesting these
variables may mediate the strength of mussel bioturbation effects. If the hypothesis that mussel
movement increases ER via bioturbation is true, thermally sensitive species may have not only
stronger direct effects than tolerant species on total benthic ER in mussel aggregations, but also
stronger indirect effects. Thermally sensitive species are substantially more vulnerable to drought
and warming than tolerant species (Allen et al. 2013, Atkinson et al. 2014, Lopez et al. 2022).
Thus, as climate change drives the loss of thermally sensitive species from mussel aggregations,
there will likely be fundamental changes to stream ecosystem function in areas where mussels
have strong zoogeochemical impacts.

Our comparison of changes in benthic CO; exchange suggests that the direct and indirect
effects of mussels integrate to drive detectable changes in stream C cycles. However, we can
only speculate on which traits may be associated with CO> uptake vs efflux because the species
that were associated with similar changes in CO> exchange had some contrasting traits. The
explanation for how mussels mediated benthic CO» exchange may lie in the balance between the

direct and indirect impacts of mussels on ER and their indirect impacts on GPP. Whether mussels
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are associated with CO» uptake or efflux should depend on whether they promote enough
growth—and thereby CO, uptake—Dby benthic algae via habitat provisioning and nutrient
recycling to outpace the CO; efflux they generate via respiration and bioturbation. Whether net
uptake or efflux is the result should therefore be determined by species traits. For example,
mussels that are large and have more complex morphology (e.g., ridges or bumps) or do not
bury, such as A. plicata, may provide more substrate for algal accrual, leading to higher CO»
uptake when environmental conditions favor filamentous algae (Spooner and Vaughn 2006). On
the other hand, the effects of thermally sensitive species, such as L. ornata, may depend on the
animal’s physiological and behavioral responses to temperature, which vary seasonally, with
corresponding variation in benthic CO exchange.

Variation in stream metabolism ultimately drives important changes in freshwater C
fluxes (Hotchkiss et al. 2015, Hall et al. 2016, Maranger et al. 2018). Beyond predicting changes
in freshwater C dynamics, an improved understanding of how animals affect stream metabolism
creates interdisciplinary synergy between biogeochemistry and conservation (Schmitz et al.
2014, 2018). New ways of thinking recognize that animal conservation can help address the dual
challenges of biodiversity conservation and climate change mitigation through animal-driven C
storage (Schmitz et al. 2014, Urban 2015). Yet, to our knowledge, these approaches have largely
been applied to terrestrial systems. Therefore, quantifying and determining the mechanisms
underlying strong zoogeochemical effects on stream metabolism and accounting for these effects

in conservation plans should be considered an emerging priority in freshwater science.
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FIGURE CAPTIONS

Fig. 1. Mussel species included in this study and some of their relevant traits, including mean
shell lengths in parentheses (A). Self-contained benthic metabolism chambers used for in
situ calculations of ecosystem respiration and gross primary productivity (B), and
tracking mussel movement (C). Panel B shows the dissolved O sensor (left),
temperature/light logger affixed to a clay tile (center), and recirculating pump (right).
Panel C shows the grid system used to track mussel movement. Photographs in panel (A)

were taken by Irene Sdnchez Gonzalez.

Fig. 2. Benthic metabolism distribution and scaled coefticient estimates (£SE) for fixed effects
included in linear mixed-effects models for ecosystem respiration (ER) (A, B) and gross
primary productivity (GPP) (C, D) in benthic metabolism chambers with single-species
treatments of 4 mussel species (Ctrl = control, Apli = Amblema plicata, Fcer = Fusconaia
cerina, Lorn = Lampsilis ornata, Pkie = Pustulosa kieneriana) with contrasting thermal
tolerance traits. Treatments with shared lowercase letters above box plots (A, C) cannot
be distinguished statistically based on estimated marginal means. Scaled coefficient
estimates predict log ER (B) and log GPP (D). In panels A and C, boxes represent the 251
and 75™ quartiles, with the central horizontal lines representing the medians. The
whiskers extend from the hinge to the value no further than 1.5% above or below the
interquartile range. In panels B and D, the vertical dashed line represents a coefficient
estimate of 0. Points to the left of this line represent negative standardized coefficient
estimates, and points to the right indicate positive coefficient estimates. Temp. =

incubation temperature, OM = organic matter, PAR = photosynthetically active radiation.
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Fig. 3. Areal chlorophyll a concentrations (£SD) from nutrient diffusing substrates in the Sipsey
River in western Alabama, USA, in September 2016 at high- and low-mussel density
sites (C = control, N = N addition, P = P addition, NP = N + P addition). Treatments with
shared lowercase letters cannot be distinguished statistically based on estimated marginal

means.

Fig. 4. Horizontal movement distance did not vary with mussel species (A) or thermal tolerance
(B). Probability of vertical movement varied with both species (C) and thermal tolerance
(D). Mussel burial depth also varied with species (E) and thermal tolerance (F).
Treatments with shared lowercase letters cannot be distinguished statistically based on
aligned rank transform-C contrasts. Ctrl = control, Apli = Amblema plicata, Fcer =
Fusconaia cerina, Lorn = Lampsilis ornata, Pkie = Pustulosa kieneriana. In panels E and
F, boxes represent the 25" and 75" quartiles, with the central horizontal lines representing
the median. The whiskers extend from the hinge to the value no further than 1.5 above

or below the interquartile range.

Fig. 5. Scaled coefficient estimates (SE) for the best regression model yielded by a model
selection procedure designed to test for potential mussel-driven bioturbation effects on
background benthic ecosystem respiration after accounting for mussel organismal
respiration. The vertical dashed line represents a coefficient estimate of 0. Points to the
left of this line represent negative standardized coefficient estimates, and points to the

right indicate positive coefficient estimates. Temp. = mean dark incubation temperature.
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Fig. 6. Relative zoogeochemical effect of the 4 mussel-species treatments on benthic CO» uptake
(Apli = Amblema plicata, Fcer = Fusconaia cerina, Lorn = Lampsilis ornata, Pkie =
Pustulosa kieneriana). Percentages represent the relative change in mean CO> flux

between species treatments and the control treatment (control mean CO> flux shown as

the horizontal dashed line at 0).
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Table 1. Type II Wald chi-square test results for fixed effects in linear mixed-effects models of
log-transformed benthic ecosystem respiration (log ER) and gross primary productivity (log

GPP). OM = organic matter, PAR = photosynthetically active radiation.

Response variable Fixed effect P df )4
Log ER Biomass 8.5 1 0.004
Sediment %OM 0.6 1 0.5
Thermal tolerance 7.7 2 0.02
Season 16.5 1 <0.0001
Tolerance x Season 2.2 2 0.3
Log GPP N excretion 6.3 1 0.01
P excretion 4.4 1 0.04
PAR 2.5 1 0.1
Thermal tolerance 3.6 2 0.2
Season 7.2 1 0.007
Tolerance x Season 0.5 2 0.8
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Table 2. Results of model selection procedure to identify potential bioturbation effects of mussels
on benthic ecosystem respiration. The values under column headers that are named for terms in
the model are unstandardized £ coefticients. Models shown are those within AAICc <2 of the
lowest AICc model. Models are sorted according to adjusted R? value. Cells with a dash indicate

effects that were not included in a given candidate model.

Intercept ](312;1;11 Temperature m\(/)zlzri;z; ¢ Elzgzgii Buriaidepth R%q df  AICc AAICc
temperature
—24.00 15.300 0.864 - 0.164 —0.632 0.19 6 3496 1.35
-3.23 0.103 - - 0.111 - 012 5 35.29 1.68
-3.07 0.123 - - 0.112 - 0.12 4 3361 0.00
-9.29 0.122 0.257 - 0.125 - 011 5 35.59 1.98
-3.18 - - - 0.099 - 009 4 3443 0.82
-2.95 0.115 - 0.112 - - 007 4 3530 1.69
-2.94 - - - 0.097 - 006 3 33.90 0.29
-2.98 - - - - - 003 3 35.05 1.44
-2.84 - - 0.097 - - 002 3 35.12 1.51
-2.83 0.099 - - - - 002 3 35.13 1.52
=2.75 - - - - - 0.00 2 3440 0.79
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A

Amblema plicata Lampsilis onata

- Smooth shell

- Large bodied (75 mm)
- Thermally sensitive

- High excretion rates

- Ridged shell

- Large bodied (101 mm)
- Thermally tolerant

- Moderate excretion

rates
Fusconaia cerina Pustulosa kieneriana
- Smooth shell - Shell with bumps

- Small bodied (47 mm)
- Thermally tolerant
- Low excretion rates

- Small bodied (50 mm)
- Thermally sensitive

- Moderate excretion
rates
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Appendix S1
Supplemental methods

Self-contained metabolic incubation chambers. — The self-contained chambers we used were
designed to assess benthic metabolic rates in situ. Unlike popular portable chamber designs,
which require sediment to be removed from the benthic substratum (Dodds and Brock 1998,
Riiegg et al. 2015), our chambers were buried within the substratum, allowing the biological
community inside to be in a more natural setting. The chambers were composed of two main
parts: a tubular polyvinylchloride (PVC) base (radius = 0.254 m), and a removable hemispheric
acrylic dome of equal radius. They were designed to remain buried for weeks to months. We
buried the chamber bases in the substratum by excavating the sediment to a depth where the top
of the base was nearly flush with the substratum. We prevented backfilling by using a square
steel brace, placing each base inside the brace, and refilling the excavated area. Once the bases
were embedded in the substratum, we allowed at least two weeks for the benthic communities to
return to equilibrium.

To conduct the experiment, the chamber domes were then sequentially affixed to each of the
buried bases to create fluid-tight incubation chambers. Each dome had rubber trim around the
circumference of the hemisphere to create a seal with the base. The domes also featured two
Luer-locking sampling ports that we did not use for the present study and a drain plug, which
eases underwater handling. Each base had an acrylic lip that sealed against the bottom of the
removable dome. A pair of aluminum holster arms extended upward from each base into the
water column. One holster fit a HOBO Dissolved Oxygen Data (DO) Logger (U26-001; Onset
Computer Corporation, Bourne, MA, USA) for measuring O fluxes. The other holster fit a

recirculating pump constructed from a battery-powered 6 V aquarium pump (flow rate = 1 L min
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1 in a watertight PVC casing. The pump was meant to maintain a constant flow velocity and mix
the water column. The domes were submerged and inverted to remove air bubbles, moved into
place over the bases, then sealed to the bases with acrylic brackets. Once sealed, we closed the
drainplugs and began the incubations.

Excretion. — We measured N (as NH4—N) and P (as soluble reactive phosphorus) excretion
rates for one randomly selected mussel from each incubation chamber on 29 September 2023,
following the conclusion of the summer incubations. We gently scrubbed mussels with a scour
pad to remove biofilms and placed them in plastic containers containing 250-500 mL of filtered
stream water (GF/F, 0.7-pm-pore size) depending on the size of the mussel. We also incubated
four control containers to account for background nutrient concentrations. We incubated the
containers for 1-1.53 h with the chambers placed in shallow stream water to maintain ambient
temperatures (23.9°C), then removed the mussels and refiltered the water to isolate soluble
excreted nutrients from solid egesta. We retained 15-mL samples of the filtrate and stored them
frozen until analysis. We analyzed N (phenol method) and P (colorimetric method)
concentrations using a Seal AQ300 discrete analyzer (Seal Analytical, Mequon, WI, USA) (U.S.
Environmental Protection Agency 1983). We calculated excretion rates by taking the difference
between the nutrient concentrations in each excretion container and the concentrations in the
control containers, corrected for incubation time, water volume, and biomass, to get a mass-

specific excretion rate for each mussel.
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Figure S1. Calibration curve used to estimate photosynthetically active radiation (PAR) from
light intensity using a negative exponential model fit. Model equation: y = 1461[1 —

o(-2.836x 10‘5)x]-
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Figure S2. Total nutrient excretion rates for each benthic metabolism chamber in late summer
and autumn incubations. Total rates were calculated by scaling mass-specific excretion rates to

the amount of mussel biomass in each chamber.
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Table S1. Two-way analysis of variance table for analysis comparing effects of mussel species
and season on ecosystem respiration.

Term df Sum of squares MSE F-value p-value
Species 4 0.02 0.00 7.99 <0.0001
Season 1 0.01 0.01 14.14 <0.0001
Species x Season 4 0.00 0.00 1.13 0.349

Residuals 68 0.04 0.00
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Table S2. Linear mixed-effects model summary table for models of log-transformed benthic

ecosystem respiration (marginal R? = 0.41, conditional R? = 0.57). OM = organic matter.

Effect Group Term Estimate SE
Fixed (Intercept) -3.569 0.508
Fixed Biomass 0.011 0.004
Fixed Sediment %OM 0.179 0.217
Fixed Thermally tolerant -0.020 0.602
Fixed Thermally sensitive -0.498 0.615
Fixed Temperature 0.023 0.023
Fixed Tolerant x Temperature 0.007 0.028
Fixed Sensitive X Temperature 0.038 0.028
Random Chamber  SD (Intercept) 0.162

Random Residual SD (Observation) 0.265
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Table S3. Two-way analysis of variance table for analysis comparing effects of mussel species
and season on gross primary productivity.

Term df Sum of squares MSE F-value p-value
Species 4 0.17 0.04 4.02 0.006
Season 1 0.05 0.05 491 0.030
Species x Season 4 0.02 0.01 0.47 0.758

Residuals 67 0.72 0.01
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Table S4. Linear mixed-effects model summary table for models of log-transformed benthic
gross primary productivity (marginal R> = 0.24, conditional R?> = 0.57). PAR = photosynthetically

active radiation.

Effect Group Term Estimate SE
Fixed (Intercept) -1.462 0.703
Fixed N excretion 0.016 0.007
Fixed P excretion -0.255 0.118
Fixed PAR 0.386 0.237
Fixed Thermally tolerant 0.165 0.817
Fixed Thermally sensitive 0.080 0.848
Fixed Temperature -0.033 0.031
Fixed Tolerant x Temperature -0.012 0.037
Fixed Sensitive x Temperature 0.004 0.037
Random Chamber  SD (Intercept) 0.292

Random Residual SD (Observation) 0.337
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Table SS. Two-way analysis of variance table for analysis comparing effects of nutrient addition

treatment and mussel presence on benthic algal accrual (as chlorophyll @). N =NO;", P = PO4>,

NP=N+P.

Effect Group Term Estimate SE
Fixed (Intercept) 4.423 1.587
Fixed N -0.625 0.387
Fixed P 0.454 0.399
Fixed NP 1.420 0.402
Fixed High mussel -2.178 2.147
Fixed N x High mussel 2.483 0.524
Fixed P x High mussel 0.677 0.536
Fixed NP x High mussel -0.159 0.536
Random Site SD (Intercept) 3.492

Random Residual SD (Observation) 1.791
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Table S6. Analysis of variance table for aligned rank-transformed horizontal mussel movement

data. Sums of squares and MSE do not apply for rank-transformed data.

Term df F-value p-value

Species 3 1 0.401

Error (tag) 131
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Table S7. Analysis of variance table for aligned rank-transformed horizontal mussel movement

frequency data. Sums of squares and MSE do not apply for rank-transformed data.

Term df F-value p-value

Thermal tolerance 3 0.3 0.6

Error (tag) 133
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Table S8. Generalized linear mixed-effects model (binomial distribution, logit link function)

summary table for models of variation in mussel vertical movement frequency depending on

species (marginal R? = 0.26, conditional R? = 0.53). Parameter estimates are relative to a

baseline, in this case, the behavior of Amblema plicata.

Effect Group Term Estimate SE
Fixed (Intercept) -3.836 0.703
Fixed Fusconaia cerina 2.666 0.726
Fixed Lampsilis ornata 1.583 0.784
Fixed Pustulosa kieneriana 3.477 0.766
Random Tag SD (Intercept) 1.360
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Table S9. Generalized linear mixed-effects model (binomial distribution, logit link function)
summary table for models of variation in mussel vertical movement frequency depending on
thermal tolerance (marginal R? = 0.05, conditional R? = 0.49). Parameter estimates are relative to

a baseline, in this case, the behavior of thermally sensitive mussels.

Effect Group Term Estimate SE
Fixed (Intercept) -1.144 0.353
Fixed Thermally tolerant -1.185 0.462

Random Tag SD (Intercept) 1.664
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Table S10. Analysis of variance table for aligned rank-transformed mussel burial depth data.

Sums of squares and MSE do not apply for rank-transformed data.

Term df F-value p-value

Species 3 40.8 <0.0001

Error (tag) 196
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Table S11. Analysis of variance table for aligned rank-transformed mussel burial depth data.

Sums of squares and MSE do not apply for rank-transformed data.

Term df F-value p-value

Thermal tolerance 3 70.9 <0.0001

Error (tag) 198
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Table S12. Analysis of variance table for type II F' tests of terms explaining background

ecosystem respiration.

Term Sum of squares df F-value p-value
Burial depth 0.40 1 3.0 0.10
Temperature 0.12 1 0.9 0.36
Horizontal movement 1.03 1 7.7 0.01
Temperature x burial depth 0.45 1 34 0.08

Residuals 3.34 25
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Table S13. Linear regression parameter estimates terms explaining background ecosystem

respiration (R? = 0.19).

Term Estimate SE
(Intercept) -23.965 10.383
Burial depth 15.342 8.313
Temperature 0.864 0.429
Horizontal movement 0.164 0.059

Temperature x Burial depth -0.632 0.345
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