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were associated with a disproportionate loss of drought-sensitive taxa (67.0%
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1 | INTRODUCTION

Fresh waters and freshwater biodiversity are among the world’s most
imperilled ecosystems (Strayer & Dudgeon, 2010). Among the myriad
challenges to freshwater conservation, anthropogenic climate- and
land-use change are perhaps the most pressing, because of their
effects on hydrology, water temperatures and water quality
(Martinuzzi et al., 2014; Reid et al., 2019). Freshwater ecosystems
across the world are expected to suffer from more frequent and more
intense periods of drought and continued loss of natural land cover
such as wetlands and riparian forests that help buffer water quality
and temperatures (IPCC, 2014; Martinuzzi et al., 2014). As a result of
these interacting stressors, freshwater organisms are expected to
decline in abundance and diversity (Spooner et al., 2011; Gill,
Fovargue & Neeson, 2020). Predicting which species face the greatest
threat from different stressors can guide conservation policy and
focus decision-making, but such predictions require detailed
knowledge of both the species composition and the functional
ecology of threatened biological assemblages (Foden et al., 2013;
Walls, 2018).

Freshwater mussels (Bivalvia: Unionoida) are filter-feeding
bivalves that occur on every continent except Antarctica. These
animals are globally imperilled (Strayer & Dudgeon, 2010; Béhm
et al., 2021). For example, of 535 freshwater mussel species recently
assessed by the International Union for the Conservation of Nature,
41% were categorized as Near Threatened, Vulnerable, Endangered
or Critically Endangered, and insufficient data were available to assess
the status of 17% of the species (Ferreira-Rodriguez et al., 2019). In
North America, where the highest numbers of species have been
documented (Graf & Cummings, 2007), the fauna has declined
precipitously and ~72% of species are considered imperilled (Williams
et al, 2017). Although steep mussel declines documented in the
twentieth century have been attributed primarily to large-scale
hydrological changes from impoundments and channelization
(Haag, 2012), more recent declines in some systems have been linked
to changes in flow patterns stemming from drought and land use
change (Golladay et al., 2004; Daniel & Brown, 2013; Randklev
et al., 2018; Oosterhuis, Pardo & Ferreira-Rodriguez, 2021). Drought
can create mass mortality events in mussel assemblages by elevating
temperatures and reducing the available habitat area for mussels
(Sousa et al., 2018; DuBose et al., 2019). Low water levels expose
mussels both to desiccation and to increased predation from
predators such as racoons and muskrats (Tyrrell et al., 1998; Sousa
et al., 2018). Changes to local land use can also reduce mussel habitat
if surface water withdrawals lead to a loss of wetted habitat in
freshwater ecosystems (Randklev et al., 2018), or subject mussels to
extreme high and low flows via the destruction of wetlands that act
as hydrological buffers during precipitation events (Wang et al., 2010).

Mussel functional and life history traits make them highly
susceptible to environmental changes. They are among the longest
lived invertebrates, with lifespans ranging from 4 to >200 yr (Haag &
Rypel, 2011). As a consequence of this long lifespan, and the
corresponding time it takes individuals to reach sexual maturity,

mussel populations are often slow to rebound reproductively
(Haag, 2012). Mussels do show behavioural responses to elevated
temperatures and low-water conditions, such as horizontal or vertical
movement (burrowing) in the substrate (Newton, Zigler & Gray, 2015;
Lymbery et al., 2021; Curley et al., 2022), but adults move slowly and
thus are vulnerable to stream drying (Schwalb & Pusch, 2007; Allen &
2009). to differ

interspecifically but has yet to be investigated in many species. For

Vaughn, Movement behaviour is known
example, broadly distributed species that can inhabit headwaters have
been found to exhibit greater rates of movement than those that are
restricted to larger, more stable streams (Daniel & Brown, 2014).
Evidence also suggests that more drought-tolerant species burrow to
greater depths to provide refuge from increased temperatures,
whereas drought-sensitive species tend to display greater horizontal
movement, in an effort to track the receding water levels and avoid
emersion (Gough, Gascho Landis & Stoeckel, 2012). Even though
mussels use these behavioural mechanisms to avoid stressors
associated with stream drying, mussels are thermoconformers. Their
metabolism is governed by water temperature, thus high water
temperatures can lead to physiological stress and death prior to
stream drying (Galbraith, Spooner & Vaughn, 2010; Atkinson, Julian &
Vaughn, 2014; Ganser, Newton & Haro, 2015). Despite the evidence
of varied mussel responses to stream drying, species monitoring
protocols - which form the backbone of most conservation initiatives
- do not typically account for the functional differences between
species such as the thermal and behavioural traits described above.
Rather, they focus primarily on taxonomic measurements (Vandewalle
etal.,, 2010).

Monitoring shifts in the functional composition of assemblages
may provide additional insights into the drivers of mussel defaunation.
Mussel species vary in a wide range of functional traits, including
body size and shell morphology, body stoichiometric composition,
physiological tolerance and process rates, life history strategies, and
fish host needs (Vaughn, 2010; Haag, 2012; Atkinson, van Ee &
Pfeiffer, 2020). Body size, physiological temperature tolerance and life
history strategy are three primary traits that influence how mussels
respond to drought-related stressors. Thus, together, these three
traits should be predictive of drought sensitivity in mussels.

Body size is important here because smaller mussels have higher
mass-specific metabolic rates (Ismail et al., 2016), and thus are more
easily physiologically stressed (Spooner & Vaughn, 2008) and more
likely to be preyed upon (Tyrrell et al, 1998; Sousa et al., 2018).
Physiological stress results in disruptions and alterations to metabolic
pathways such as respiration, protein synthesis and gene expression
(Roznere et al, 2017; Ferreira-Rodriguez et al, 2018; Curley
et al., 2021), which in turn affect mussel body condition and growth.
Thermal sensitivity is a functional trait that integrates a mussel
species’ behavioural and metabolic responses to increasing
temperatures (Galbraith, Blakeslee & Lellis, 2012; Khan et al., 2019;
Galbraith et al., 2020). Southern North American mussel species can
generally be placed in two guilds based on their physiological
tolerance to high water temperatures: thermally sensitive species that

suffer decreased body condition and thermally tolerant species that
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continue to grow (Spooner & Vaughn, 2008). Previous studies have
documented declines of thermally sensitive species following
prolonged drought (Galbraith, Spooner & Vaughn, 2010; Atkinson,
Julian & Vaughn, 2014). Life history strategies are likely to influence
mussel recovery from drought losses (Tarter et al, 2022), as
evidenced by Haag (2012). Here, mussels are considered to be either
opportunistic (short lifespan, early maturity age and high reproductive
rates), periodic (intermediate lifespan, maturity age and reproductive
rates), or equilibrium strategists (long lifespan, high maturity age and
low reproductive rates). Opportunistic species should recover more
rapidly from drought losses compared with periodic or equilibrium
species. Incorporating these trait classes into analyses should increase
the ability of researchers to predict and manage drought sensitivity
(Table 1) and help conservation agencies focus resources on
vulnerable species.

In North America, mussel diversity is highest in the central and
south-eastern portions of the USA (Graf & Cummings, 2007), which is
also where significant extirpations of mussels are predicted to occur
in the coming decades as a result of climate change, including more
frequent and intense droughts (Spooner et al., 2011; Archambault,
Cope & Kwak, 2018; Gill, Fovargue & Neeson, 2020). The mussels in
this region are the foci of wide-ranging state and federal conservation
initiatives owing to their wvulnerability (Freshwater Mollusk
Conservation Society, 2016; Oklahoma Department of Wildlife
Conservation, 2016), and because they provide valuable ecosystem
services such as water filtration and consumer-driven nutrient
recycling (Vaughn, 2018). As such, long-term monitoring of freshwater
mussel beds is necessary to understand temporal trends in mussel
abundance and assemblage composition (Sanchez Gonzalez
et al,, 2021). Repeated sampling of sites over time can reveal declines
in mussel abundance or species diversity and inform understanding of

the causes and consequences of declines.

In this study, long-term trends in mussel assemblages and
concurrent changes to climatic and landscape factors were assessed
in three streams in the Ouachita Mountains of the US Interior
Highlands biogeographical province. The goal was to assess: (i) how
overall mussel abundance, species richness, and assemblage
composition had changed over the course of three decades, dating
from the present day back to the 1990s; (i) whether changes in
mussel assemblages coincided with changes in land use and local
climate in the surrounding catchment; and (iii) how changes in mussel
assemblages were related to their drought tolerance traits (Table 1). It
was predicted that mussel declines would occur at sites where aquatic
land cover (wetlands and open water such as streams, ponds or lakes)
decreased, and temperatures and drought frequency increased. This
region has experienced multiple periods of prolonged drought in the
past few decades (Galbraith, Spooner & Vaughn, 2010; Atkinson,
Julian & Vaughn, 2014; Vaughn, Atkinson & Julian, 2015). Thus, it was
also predicted that the relative abundance of drought-tolerant species
would increase or remain stable in contrast to drought-sensitive
species, which were predicted to decline.

2 | METHODS
21 | Studyrivers

The mussel fauna of the US Interior Highlands has high species
richness (S = 63) and endemicity (14%; Haag, 2012), and includes
streams draining the Ouachita and Ozark Mountains of eastern
Oklahoma, Arkansas and south-west Missouri. The small to mid-sized
rivers of the Ouachita Mountains in south-east Oklahoma support
16 mussel species that are listed as Species of Greatest Conservation
Need by the Oklahoma Department of Wildlife Conservation (2016).

TABLE 1  Functional traits of a subset of mussel species found during historical and present-day surveys and their predicted response to
drought. Mussels expected to increase in response to drought are classified as drought tolerant and mussels expected to decrease in response to
drought are classified as drought sensitive. Species with an asterisk were found in historical surveys, but not in present-day surveys

Species Tribe® Adult size®
Amblema plicata Amblemini Large
Actinonaias ligamentina Lampsilini Large

Lampsilis cardium Lampsilini Large

Lampsilis teres Lampsilini Large

Leptodea fragilis* Lampsilini Medium
Obliquaria reflexa* Lampsilini Small

Potamilus purpuratus Lampsilini Large
Ptychobranchus occidentalis Lampsilini Small

Fusconaia flava Pleurobemini Small to medium
Cyclonaias pustulosa Quadrulini Small to medium
Tritogonia verrucosa Quadrulini Medium to large

2From Williams et al. (2017).

Thermal guild®

Life history strategy®

Predicted drought response

Tolerant Equilibrium Tolerant
Sensitive Equilibrium Sensitive
Sensitive Periodic Sensitive
Sensitive Opportunistic Tolerant
Sensitive Opportunistic Tolerant
Tolerant Periodic Tolerant
Tolerant Opportunistic Tolerant
Sensitive Periodic Sensitive
Tolerant Equilibrium Tolerant
Sensitive Equilibrium Sensitive
Sensitive Equilibrium Sensitive

bFrom Vaughn (2012) - small (length <60 mm), medium (60-100 mm), large (>100 mm).
“From Spooner & Vaughn (2008) and unpublished data.

9From Haag (2012).
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The Glover River (catchment area = 828 km?), the Mountain Fork
(catchment area = 2240 km?) and the Little River (catchment
area = 4500 km?) are part of the Arkansas-Red-White hydrological
subregion. The three basins vary in their hydrology based on their size
The Glover
unimpounded, but Broken Bow Lake is a 57 km? reservoir on the

and the presence of impoundments. River is
Mountain Fork and Pine Creek Lake is a 15 km? reservoir on the Little
River. The surveys in this study were restricted to the reaches
upstream from the impoundments (Figure 1). The region is remote
and has a sparse human population (U.S. Census Bureau, 2020). The
land cover is primarily forest, although the Mountain Fork catchment
has more agricultural and urban land cover than do the Glover River
and upper Little River catchments (Atkinson, Julian & Vaughn, 2012).
All three rivers feature similar substrates, with bedrock, boulder and
cobble substrates in their headwaters, with a transition to cobble and
gravel as they flow from the Ouachita Mountains to the West Gulf
Coastal Plain (Oklahoma Department of Wildlife Conservation, 2016).

2.2 | Survey methods

Present-day mussel surveys were conducted at 33 sites on the

Glover, Mountain Fork (above Broken Bow Lake) and upper Little

River (above Pine Creek Lake) in 2019-2021. A subset of these sites
was also surveyed historically - in 1993-1999, 2010 and 2015 -
allowing an assessment of long-term trends in mussel abundance and
assemblage composition (Vaughn & Taylor, 1999; Vaughn, 2003;
Spooner & Vaughn, 2007; Atkinson, Julian & Vaughn, 2012; Hopper
etal, 2018).

Present-day surveys were conducted between 10 July 2019 and
4 August 2021 (Figure 1). Sites were selected based on a combination
of habitat characteristics, visual inspection of the river bottom and
banks for shells, or using GPS coordinates, maps, field notes and site
sketches from historical surveys. Timed searches were used because
this technique is better for locating rare species and gives a more
complete quantification of species richness than quadrat methods
(Vaughn, Taylor & Eberhard, 1997; Strayer & Smith, 2003). Timed
searches were also used in the previous surveys at these sites, which
allowed comparisons with historical data. Surveyors canoed to the
approximate location of each site and performed a reconnaissance
snorkel search to locate the corresponding mussel bed. Once the bed
was located, two to four surveyors systematically searched the entire
area by snorkel. Searches were conducted in 15 min periods for a
minimum of 0.5 person-h or until two successive 15 min periods
failed to identify new species that were undetected in the previous

ones. Mussels were located visually and by touch, placed in mesh
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Map of the study region showing all survey sites, including those used for the long-term comparison of mussel assemblages, and

the Mesonet weather stations used to collect climate data. Inset shows study catchment locations in south-east Oklahoma, USA, with the study
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bags, and subsequently identified to species following the search
period. Only native unionid mussel species were counted, and all
mussels were returned to the stream alive and placed firmly in the
substrate. Although the introduced Asian clam Corbicula fluminea
occurred at many sites, it was not quantified in some historical
surveys and thus was not used in the analyses. These analyses do not
consider the response of juvenile mussels because timed searches
only effectively quantify adult mussels, and because other sampling

methods that can quantify juveniles are destructive to mussel habitat.

2.3 | Mussel abundance, species richness and
assemblage composition

To evaluate long-term trends in mussel abundance, data from 14 sites
were compared across three survey periods (1993-1999, 2010 and
2015-2021). All of these sites were surveyed in 1993-1999 and four
of the sites (MF4, MF5, L1 and L2) were also surveyed in 2010
(Vaughn & Taylor, 1999; Vaughn, 2003; Spooner & Vaughn, 2007;
Atkinson, Julian & Vaughn, 2012). One site was also included that was
surveyed in 2015 as part of the present day (2015-2021) surveys
(Hopper et al., 2018). In total, four sites were on the Glover, seven in
the Mountain Fork catchment (six on the mainstem and one on the
Eagle Fork Creek tributary) and three on the upper Little River
(Figure 1). The total number of mussels collected per person-h at each
site during each of the three survey periods was standardized as catch
per unit effort (CPUE). Total species richness at these sites in each of
these periods was also quantified.

Changes to both species and functional composition between the
sampling periods were also examined. For species composition
analysis, the relative abundance (percentage of all mussels found at a
given site) was quantified for each species at each site during each of
the three survey periods. For functional composition analysis, mussels
were classified as either drought tolerant or drought sensitive
according to Table 1. The relative abundance of mussels in each of
these two drought-tolerant categories was quantified at each site
during each survey period. Only a subset of species - those for which
there was enough information on the three component functional
traits (body size, life history strategy and thermal tolerance) to make
an accurate classification of their drought tolerance - were included

in the functional composition analysis (i.e. species listed in Table 1).

24 | Localclimate and land use

Changes in climatic and land use variables during the periods between
surveys were analysed using publicly available data. The two inter-
survey periods were 2000-2009 and 2011-2018, with the caveat
that one site surveyed in 2015 (L3) overlaps the second interval.
However, because this is only one of 14 sites, it should not unduly
bias data interpretation. Summer (July-August) mean daily air
temperature and mean maximum daily air temperature were

calculated during the inter-survey periods using air temperature data

from Oklahoma Mesonet weather stations. Air temperatures were
used as a proxy because water temperature data were not available
for all sites over the entire study period from 1993 to 2021, and air
temperature has been shown to be highly predictive of water
temperature in these streams (Vaughn & Julian, 2013). Data were
gathered from four stations (Clayton (CLAY), Cloudy (CLOU), Mt
Herman (MTHE) and Talihina (TALI); Figure 1), each of which was the
geographically closest to at least one of the 14 sites. The frequency of
hydrological drought conditions during the inter-survey periods for
each river was also determined using data from United States
Geological Survey (USGS) stream gauges. The Glover River (gauge
07337900) and the upper Mountain Fork above Broken Bow Lake
(gauge 07338750) both have long-term discharge data for the
duration of the three survey periods. The upper Little River has no
gauge, so the first gauge below Pine Creek Lake (gauge 07338500)
was used. Pine Creek has a one-to-one inflow-to-outflow ratio, so
this gauge should reflect flow conditions in the upper Little River. The
annual number of drought flow days was quantified as the average
number of days per year below the 10th percentile of the flow-
duration curve (Atkinson, Julian & Vaughn, 2014).

Because changes in land use might affect mussel assemblages by
altering stream flows and thus mussel habitat conditions, national land
use/land cover data from 2001 and 2019 were compared to assess
land use change over the period of the surveys. The accuracy level for
the 2001 land use/land cover data set is 79% (Wickham et al., 2013);
accuracy assessment has not yet been completed for the 2019 land
use/land cover dataset, but the 2016 dataset was accurate at 86.4%
(Wickham et al., 2021), and a similar or higher accuracy level for the
2019 dataset is assumed here. For each site, land cover type was
extracted from the appropriate land cover raster at three spatial
scales: the entire catchment upstream of the site, a 100 m riparian
buffer across all upstream tributaries and a 100 m riparian buffer
extending only 1 km upstream from the site (Atkinson, Julian &
Vaughn, 2012; package FedData, Bocinsky, 2021). Percentage land
use was calculated at each scale by dividing the number of cells of
each type by the number of cells extracted at that scale. To reduce
the number of land use variables relative to the level of replication
(n = 14 sites), the land cover types from the land use/land cover
dataset were grouped into three categories (Supporting Information:
Table S1): anthropogenic (agriculture and urban development),
natural-terrestrial (forests and grassland or scrubland) and natural-
aquatic (wetlands and open water such as streams, ponds, or lakes).
Although grouping the variables inherently resulted in the loss of
some information, the categorization simplified interpretation of the
data and reduced the number of predictor variables in the models
relative to the number of observations. Once grouped, net change in

percentage land use at each scale was calculated.

2.5 | Statistical analyses

All statistical analyses were conducted in R v4.1.2 (R Core

Team, 2021). Temporal trends in CPUE, species richness and the
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relative abundance of drought-sensitive and drought-tolerant species
were analysed using linear mixed effects models with survey period as
a fixed effect and site as a random intercept (package Ime4,
Bolker, 2022). To compare assemblage composition and reduce
variation to two dimensions, non-metric multidimensional scaling was
conducted with 100 iterations using a Bray-Curtis distance matrix
based on the relative abundances for each species during each survey
period (package vegan, Oksanen, 2022). Then the species scores from
all sites were compared between survey periods using PERMANOVA
(package vegan, Oksanen, 2022). One site on Eagle Fork Creek (EF1)
had to be removed from the ordination because the only unionid
collected there in the 2015-2021 period was not identifiable to
species level.

Because local climate variables were collected from weather
stations and USGS hydrological gauges, and thus not available at the
site level, these data could not be used to predict site-level changes in
mussel CPUE and species richness. Instead, temporal trends in mean
temperatures and hydrological drought days during inter-survey
periods were plotted to determine whether the timing of drought
events was aligned with the timing of changes in mussel CPUE and
species richness. To determine whether land use change was

associated with changes in mussel abundance and species richness,

Akaike Information Criterion corrected for small sample sizes (AIC.)
was used to compare regression models for predicting site-level
changes in CPUE and species richness (e.g., CPUEjp15-2021 -
CPUE1993_1999) based on land use changes across all three spatial
scales. Models with AAIC. values <2 from the best model were
considered equal. Linear regression statistics were used to assess the
statistical significance and coefficients of determination of the models

meeting this criterion.

3 | RESULTS

3.1 | 2015-2019 mussel assemblages

In total, 866 individuals of at least 18 different species were collected
across the entire 33-site survey (Table 2). Amblema plicata was the
most common species, comprising 45.5% of individuals sampled, and
occurred in all three catchments. Only three other mussel taxa
comprised a significant proportion of the individuals sampled:
Fusconaia flava (18.5%), Cyclonaias pustulosa (9.0%) and Villosa spp.
(7.9%). All other species comprised <5% of the total assemblage

(Table 2). The federally listed Theliderma cylindrica was detected in the

TABLE 2  Summary of full survey results for the Glover, Mountain Fork, and upper Little rivers, OK, USA. Values shown are the number of
individuals found of each species listed, in each catchment. Surveys were conducted during 2019-2021
Catchment

Species Glover River Upper Little Mountain Fork All sites Relative abundance (all sites)
Actinonaias ligamentina 24 0 0 24 2.8%
Amblema plicata 240 64 90 394 45.5%
Cyclonaias pustulosa 53 10 15 78 9.0%
Ellipsaria lineolata 2 0 0 2 0.2%
Fusconaia flava 36 107 17 160 18.5%
Lampsilis cardium 11 6 17 34 3.9%
Lampsilis siliquoidea 0 0 8 8 0.9%
Lampsilis teres 1 0 0 1 0.1%
Lasmigona costata 0 3 7 10 1.2%
Obovaria arkansasensis 8 0 S 11 1.3%
Potamilus purpuratus 7 0 0 7 0.8%
Ptychobranchus occidentalis 0 0 5 5 0.6%
Pyganodon grandis 1 0 0 1 0.1%
Quadrula quadrula 2 0 0 2 0.2%
Strophitus undulatus 4 0 14 18 2.1%
Theliderma cylindrica 3 0 0 & 0.3%
Tritogonia verrucosa 17 10 29 3.3%
Villosa spp. 3 1 64 68 7.9%
Unidentifiable 6 0 5 11 1.3%
Mean CPUE (range) 32 (0-1196) 68 (0-114) 17 (0-84) 42 =
Species richness 15 7 11 18 —
Total live mussels 418 201 247 866 100.0%
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Glover River, but not in the upper Little or Mountain Fork rivers. Two
species found in historical surveys (Leptodea fragilis and Obliquaria

reflexa) were not found in the present-day studies.

3.2 | Mussel declines are stronger among drought-
sensitive species

Across the 14 sites with long-term survey data, total mussel
abundance tended to decline over time (;(2 = 18.97, P < 0.001;
Figure 2a-c). Average mussel abundance declined slightly at the four
sites in both the 1993-1999 and 2010 surveys (P = 0.076), and more
sharply in the 2015-2021 survey that included all sites (P < 0.001).
There was a net 71.5% decline in mussel CPUE over the course of the
three survey periods. Species richness also declined over time
(;(2 = 13.93, P < 0.001; Figure 2d-f). However, species richness
showed a different temporal trend, with similar species richness levels
detected at the sites in both the 1993-1999 and the 2010 surveys
(P = 0.882), then a sharp decline in species richness in the 2015-
2021 survey (P = 0.003). There was a net decline of 44.4% in species
richness across the three survey periods. However, the overall species
composition of the mussel assemblages across sites did not change
strongly over time (F;29 = 1.59, P = 0.100; Supporting Information:
Figure S1).

When changes in relative abundances of only the drought-
tolerant and drought-sensitive functional groups were modelled, the
relative abundance of drought-sensitive mussels underwent a net
decline of 67.0% over time (;(2 = 18.28, P < 0.001; Figure 3a-c), with
similar abundances at the four sites in both the 1993-1999 and the
2010 surveys (P = 0.552), followed by a stark decline detected in the
full 2015-2021 survey (P = 0.001). In contrast, drought-tolerant

mussels experienced no change in relative abundance over time

(> = 0.77, P = 0.681; Figure 3d-f). Of the 11 species classified in
Table 1, six were found only in the Glover River, and many were

uncommon (Table 2).

3.3 |
declines

Changing local climate coincides with mussel

Air temperatures and hydrological drought frequency both increased
from the first inter-survey period (2000-2009) and the second inter-
survey period (2011-2018; Figure 4). There were two major droughts,
one during each of the inter-survey periods - in 2005-2006 and
2011-2013 (Supporting Information: Figure S2). The 2011-2013
drought tended to be
temperatures than the 2005-2006 drought. Mean maximum July-

longer and coincided with higher air

August daily air temperatures increased by an average of 0.14°C
between the two inter-survey periods, driven by increases at three of
the four weather stations (Figure 4a). The mean July-August daily air
temperatures at the four weather stations increased by an average of
0.26°C between the two inter-survey periods, driven by increases at
all four of the weather stations (Figure 4b). The mean annual number
of hydrological drought flow days across the three USGS gauges also
increased by 37% between the two inter-survey periods, from 38 to
60 days per year; drought increases were larger in the Little River and
Glover River than the Mountain Fork (Figure 4c).

3.4 | Loss of aquatic land cover is associated with
mussel declines

All of the models describing mussel declines in response to land use

changes included natural aquatic land cover (woody wetlands -+
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emergent herbaceous wetlands + open water) at the 1 km riparian
buffer scale (Table 3). Models at the larger spatial scales (all upstream
tributaries and whole catchment) were not statistically significant and
explained little variance in mussel CPUE and species richness over
time. Changes to CPUE and species richness were best described by
two candidate models each (Table 3). The simplest model for each of
these two responses included a positive association between change
in natural aquatic land cover and the associated mussel response
(CPUE model: P = 0.031, adj. R? = 0.28; species richness model:
P = 0.057, adj. R = 0.21). The second model describing CPUE
included positive associations between both change in natural aquatic
and change in anthropogenic land cover (P = 0.048, adj. R? = 0.32).
The second model describing species richness included positive
associations between both change in natural aquatic and change in
natural terrestrial land cover (P = 0.070, adj. R? = 0.27). The
regression parameters for each of the four models suggested that
change in aquatic land cover was positively related to CPUE and
species richness (Supporting Information: Tables S2-S5). Thus, these
models suggest that decreasing natural aquatic land cover in riparian
buffers at the 1 km reach scale were associated with declines in
mussel CPUE and species richness.

4 | DISCUSSION

The results of mussel surveys conducted across three decades
suggest that declines in abundance and species richness in this
region’s mussel assemblages are disproportionately associated with
the loss of drought-sensitive mussel species. The largest observed
declines in both mussel abundance and species richness occurred
following a period in which the highest observed air temperatures and

the longest observed hydrological drought in the study area

coincided. These findings align with research from the region that
shows a loss of thermally sensitive species and associated ecosystem
functions in previous years (Galbraith, Spooner & Vaughn, 2010; Allen
et al., 2013; Atkinson, Julian & Vaughn, 2014). Mussel declines were
also associated with a loss of natural aquatic habitat, including both
riparian wetlands and open surface waters, over the course of the
surveys.

Three functional traits (body size, thermal tolerance and life
history strategy) were synthesized into a single functional index of
drought sensitivity, which was used to determine changes in the
functional composition of mussel assemblages. The loss of drought-
sensitive species coincided with elevated air temperatures and
increases in hydrological drought frequency and duration. However,
the inclusion of life history traits for which the drought sensitivity
index could be used was limited to species for which accurate thermal
tolerance data could be obtained. Five of seven thermally sensitive
species for which these data were available were also classified as
drought sensitive, and all four thermally tolerant species were
classified as drought tolerant. This raises the question of whether the
inclusion of life history traits and body size in our drought
classification index improves the ability of conservation biologists to
make more accurate predictions of mussel responses to drought over
the use of thermal tolerance data alone.

Improving the drought classification index used in this study
would start with the inclusion of additional species and survey data
with a finer temporal resolution and the addition of other mussel
traits such as morphology and movement. Although annual sampling
may be too frequent owing to the stress that sampling induces for
mussels, sampling on a rotating basis every 2-5 years rather than
decadal mussel sampling would allow a more specific drought
sensitivity index to be developed beyond the binary ‘sensitive

vs. tolerant’ scheme used here. Sampling juvenile mussels, although
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FIGURE 4 Temperature and hydrological drought data for the
inter-survey periods. (a) Mean maximum daily air temperatures in
July-August increased at three of four weather stations in the study
region, and (b) mean daily air temperatures in July-August increased
at all four weather stations. (c) The average number of drought flow
days per year increased at USGS gauges on the Glover, Mountain
Fork and Little rivers

destructive, may also yield additional insights into mussel drought
sensitivity, as trends in juvenile abundances over time are indicative
of recruitment, and thus the speed at which populations may rebound

from drought disturbances (Cmiel et al., 2020). The functional traits

used in this study - thermal sensitivity and body size - were selected
as predictors of decreases in mussel abundance because they predict
mussel responses to heat stress (Spooner & Vaughn, 2008; Vaughn,
Atkinson & Julian, 2015; DuBose et al., 2019) and to desiccation and
predation during drought (Tyrrell et al., 1998; Sousa et al., 2018). Life
history strategies were selected because they may also dictate how
rapidly a mussel population can recover from losses. For example,
equilibrium life history strategists are likely to be at the greatest risk
of extirpation and extinction owing to the length of time their
populations need to recover. Opportunistic or periodic life history
strategists should rebound more rapidly because of their faster life
cycles and earlier reproductive maturity. However, integrating
additional traits into the index could improve its predictive capacity.
Traits that could be added to the index are shell morphology and
thickness, which affect a mussel’s ability to burrow in the sediment to
escape low water (Allen & Vaughn, 2009; Levine, Hansen &
Gerald, 2014), and traits related to recolonization ability such as
regional abundance and fish-host relationships (Vaughn, 2012). We
propose that functional traits can be a useful tool in freshwater
conservation programmes and species monitoring protocols in regions
at increased future risk of drought.

The negative relationship between loss of riparian wetlands and
associated open surface waters to mussel abundance and to a lesser
extent species richness is probably explained by the loss of the
hydrological buffering that wetlands provide, and by the loss of
habitat area caused by declines in open surface water area. It is more
likely that the loss of aquatic land cover was driven by the loss of
riparian wetlands because the resolution of the land use/land cover
dataset in the analysis is 30 x 30 m. At this resolution, it would be
difficult to detect changes in the wetted area of the stream; however,
this possibility cannot be ruled out as the sites in the present study
are at relatively shallow upper-catchment locations. Here, minor
decreases in flow as a result of increasing drought frequency could
result in substantial changes to surface water area by exposing
shallow stream beds. Such reductions in the wetted habitat area of
freshwater ecosystems, which may be caused by increased
evaporative stress or water withdrawals elsewhere in the catchment
(Crausbay et al., 2017), will inherently reduce the amount of habitat
available to mussels and other aquatic organisms (Randklev
et al., 2018). Mussels are also more likely to experience extreme high
and low flows without the retention services provided by wetlands
and other surface waters (Wang et al., 2010). Extreme flows tend to
limit mussel abundances and distributions because at low flows
mussels require enough hydraulic force for food and oxygen delivery,
whereas at high flows mussels require forces to be low enough that
they are not displaced downstream (Lopez & Vaughn, 2021).
Alternative explanations for the adverse effect of lost riparian
wetlands and surface waters on mussels could include the correlation
of wetland loss with decreases in landscape-level nutrient and
sediment retention (Wang, Yang & Melesse, 2008; Wang et al., 2010).
However, there were no symptoms of eutrophication or
sedimentation observed at the study sites, so nutrient and sediment

pollution are unlikely culprits for the declines observed in this study.
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TABLE 3 Model selection results using Akaike’s Information Criterion with adjustment for small sample sizes (AIC,) to select the best linear
models relating land use change (between 2001 and 2019) to mussel community changes in abundance (catch per unit effort, CPUE) and species

richness (between surveys in 1993-1999 and 2015-2021)

Response Scale Model terms

CPUE 1 km buffer Natural-aquatic

Anthropogenic + natural-aquatic
1 km buffer

Species richness Natural-aquatic

Natural-terrestrial + natural-aquatic

K AIC, A; w; F P Adij. R?
3 168.337 0000 0357 599 0031 028
4 170.297 1960 0134 407 0048  0.32
3 74829 0000 0362 445 0057 021
4 76509 1680 0156 343 0070 027

Note: See Methods and Supporting Information: Table S1 for definitions of the land use categories listed as model terms.

The south-eastern USA and the Interior Highlands are expected
to experience significant reductions in flow, increases in temperature,
more variable precipitation and increased extirpations of aquatic
organisms over the coming decades as a result of climate change
(Spooner et al., 2011; IPCC, 2014). Flow reductions may be further
exacerbated by human land use changes. For example, forestry and
timber are dominant economic forces in south-eastern Oklahoma, as
are pasture and agriculture, driving the conversion of riparian
wetlands into additional space for timber and grazing land. These
climate and land use changes may create positive feedback loops of
mussel declines that result in long-term losses of mussel biomass and
diversity and play out over many years owing to the relatively long
lifespans of most mussels (DuBose et al., 2019). However, land use
conversion also provides opportunities for cooperation between
conservation organizations and other stakeholders. Programmes in
the USA and Europe have been established to assist landowners with
implementing best management practices on behalf of freshwater
mussels, including the planting of riparian buffers and livestock
exclusion fences that preserve riparian habitat (Blevins et al., 2019;
Bleasdale et al., 2020). In some cases, landowners can even be
compensated by the government as an incentive for ecological
responsibility (Crausbay et al., 2017; Blevins et al., 2019).

The decadal scales over which both mussel assemblage dynamics
and anthropogenic change tend to occur highlight the importance of
long-term monitoring of freshwater mussel populations. Here, it has
been shown that analysing temporal changes in both the species and
functional composition of mussel beds yields further insights into the
potential adverse effects of anthropogenic change on mussels. Mussel
declines threaten both biodiversity and the roles that mussels play in
driving ecosystem functioning and generating ecosystem services
(Atkinson, Julian & Vaughn, 2014; Vaughn, 2018; DuBose et al., 2019;
Atkinson & Forshay, 2022). Even remote natural catchments are
vulnerable to human changes, but repeated sampling at appropriate
time scales and functional classifications can provide additional
biological insights that may help decision-makers prioritize freshwater

mussel conservation.

4.1 | Implications for conservation

The findings in the present study support two broadly applicable

conservation recommendations. First, longer-lived species require

longer-term monitoring programmes and repeated sampling to
understand the causes and consequences of changes in their
populations and assemblages (Sanchez Gonzalez et al., 2021). We
should

importance of long-term monitoring and repeated sampling when

suggest that conservation agencies emphasize the
evaluating the status of imperilled freshwater mussel species and
assemblages, and in planning their protection. Second, the use of
functional trait classifications during conservation assessments
provides additional information that can help clarify the response
of organisms to their environment in a changing world (Vandewalle
et al, 2010; Foden et al, 2013; Crabot et al., 2021). Here, we
advocate for conservation assessments to include functional
classifications in conjunction with the traditional taxonomic
classifications that are typically collected. Analysing functional
changes in biological assemblages may vyield insights into the
mechanisms driving assemblage change that remain unclear when

focused solely on taxonomic changes.
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