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Abstract

Our understanding of the factors driving the distribution of metacommunities
at different scales can be obscured by high variation in species composition
between sites and a lack of fine-scale distribution data. Trait-based approaches
have long been used to better identify and examine ecological patterns. Most
recent studies of riverine metacommunities examining trait-based patterns
have focused on shorter lived organisms. Here we focused on a group of longer
lived, sedentary riverine organisms, unionid freshwater mussels. The objective
of this study was to examine how (1) the distribution of mussels with different
life history strategies (trait-based approach) and (2) the relative importance of
environmental and spatial factors (as a proxy for dispersal) would differ with
spatial scale and position in the river; and to (3) further compare this with pat-
terns derived from a taxonomic approach. Fine-scale distribution data of
mussels and environmental factors were collected every 100 m in spatially
extensive surveys in an upstream and downstream segment (200 sites/20-km
segment) of a semiarid river, making them some of the most spatially intensive
surveys documented to date. A combination of redundancy analysis, asymmet-
ric eigenvector mapping, and variation partitioning analyses revealed that
more variation was explained by environmental factors where more environ-
mental differences occur between sites. Where environmental heterogeneity
was lower, the amount of variation explained by smaller scale spatial factors
was higher, likely mostly associated with stochastic rather than dispersal
processes. A higher amount of unexplained variation at the taxonomic level
suggests that stochasticity may also play an important role in determining spe-
cies composition. In contrast, different life history groups had a highly predict-
able distribution pattern driven by environmental heterogeneity, especially
between river segments and mesohabitat, which was associated with different
flow conditions. The role we predict for environmental heterogeneity and
stochasticity in shaping the distribution of mussels in our study river likely
also applies to other taxa and ecosystems at a spatial scale at which neither
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INTRODUCTION

A primary goal in ecology is to understand the distribution,
abundance, and composition of organisms and communities.
Metacommunity theory provides a useful framework to
evaluate the relative importance of neutral- and niche-based
processes (i.e., dispersal, drift, and environmental selection)
in structuring ecological communities (Leibold & Chase,
2018; Leibold et al., 2004). The relative importance of
these processes in structuring communities predominantly
depends upon the spatiotemporal scale of the study and the
levels of environmental heterogeneity and connectivity
within the study system (Brown et al., 2011; Heino et al.,
2015; Leibold & Chase, 2018). Rivers are model ecosystems
to test the relative importance of niche- and neutral-based
processes in structuring communities because their
unique dendritic configurations offer discrete spatial
frameworks that could enhance or impede dispersal
and because rivers usually exist along substantial envi-
ronmental gradients (Heino, 2013; Heino et al., 2015).
Ecological theory has long recognized that the distribu-
tions of organisms within rivers are usually not random
and that communities, subject to various selective forces,
usually display various spatial patterns (Humpbhries et al.,
2014; Leibold et al., 2004; Poff et al., 1997; Thorp &
Delong, 1994; Thorp et al., 2006; Vannote et al., 1980).
Most studies conducted in riverine systems have found that
local environmental filtering often plays a more important
role in structuring communities than spatial factors
(used as a proxy for dispersal); however, this may change
depending on the specific taxa being considered and their
location within the river network (Brown & Swan, 2010;
Gronroos et al., 2013; Heino et al., 2015; Schmera et al.,
2018; Tonkin et al., 2018). For example, the network posi-
tion hypothesis predicts that headwater communities are
exclusively controlled by local environmental conditions,
whereas mainstem communities are regulated by regional
dispersal factors and local environmental processes
(Brown & Swan, 2010; Henriques-Silva et al., 2019; Schmera
et al., 2018). However, a majority of metacommunity studies
analyzing only taxonomic (i.e., species level) data result in
a high percentage of unexplained community variation

dispersal limitation nor mass effects occur. Thus, understanding the magnitude
and extent of dispersal relative to the amount of environmental heterogeneity

may be key for predicting metacommunity structure and dynamics for different

environmental filtering, life history strategy, metacommunity, riverine organisms, space,

(e.g., Cottenie, 2005; Leibold & Chase, 2018; Soininen,
2014), which can make it challenging to disentangle specific
metacommunity assembly processes for riverine organisms.

Considering functional traits can increase the amount
of variation explained by environmental factors and
increase our understanding of processes structuring
metacommunities, especially when functional traits such
as feeding niche can provide insights into the underlying
mechanisms of factors driving the distribution patterns
(Leibold & Chase, 2018; Tonkin et al., 2016). For exam-
ple, fishes show predictable changes in functional
feeding groups from upstream to downstream in rivers of
different continents (Ibanez et al., 2007), although taxo-
nomic composition may vary widely. Thus, examining
trait-based patterns can help reveal driving factors that
may otherwise be concealed by a high amount of varia-
tion in species composition driven more strongly by
stochastic processes.

Although ecologists have a long history of grouping
organisms based on their traits to better understand biologi-
cal processes (e.g., Darwin, 1859; Gleason, 1926; Grime,
1974), there has been a resurgence in the past two decades
in trait-based approaches to better understand the structure
and dynamics of communities in response to environmental
change (Funk et al., 2017; Leibold & Chase, 2018; McGill
et al., 2006; Petchey & Gaston, 2006). In general, traits can
be defined as morpho-physio-phenological feature measur-
able at the individual level (Violle et al., 2007). Most recent
studies examining both taxonomic and trait-based patterns
to better understand the role of environmental heterogene-
ity and dispersal in structuring riverine metacommunities
have focused on shorter lived organisms such as
macroinvertebrates (e.g., Krynak et al., 2019; Li et al., 2019;
Perez Rocha et al, 2018; Wang et al., 2019), plankton
(e.g., Huszar et al., 2015), and small-bodied fish communi-
ties (e.g., Benone et al., 2020; Peldez & Pavanelli, 2019;
Rodrigues-Filho et al., 2020). Much less work has focused
on combing taxonomic and trait-based approaches in a
multi-scale metacommunity framework for longer lived
sedentary riverine organisms, such as freshwater mus-
sels, although several studies have examined ecological
processes in relation to traits of freshwater mussels
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(e.g., Atkinson et al., 2014; Spooner & Vaughn, 2008;
Vaughn, 2012). Freshwater mussels are highly imperiled,
have a unique life history that relies on host fish for
large-scale dispersal (Downing et al., 2010; Haag &
Williams, 2014; Lopes-Lima et al., 2018), and are not as
routinely monitored as fish and macroinvertebrates, which
may explain to some extent the lack of studies. They are also
relatively long-lived (maximum life span: ~8 to >50 years
depending upon species and if environmental conditions
are favorable), hampering experimental approaches.
However, examining the structuring processes of longer
lived and sedentary riverine organisms could give valu-
able insights into the chronic factors impacting species
distributions over longer temporal scales.

Unfortunately, there is a lack of quantitative life history
trait data for many freshwater mussel species; however, even
qualitative trait-based approaches can provide insights into
the processes structuring mussel communities. Haag (2012)
defined three different life history categories (opportunistic,
equilibrium, and periodic), somewhat similar to existing
models for plants (Grime, 1974) and fish (Winemiller &
Rose, 1992). A recent effort to assign mussel species to life
history categories based on the current knowledge of life his-
tory traits (life span, age at maturity, maximum length,
glochidia length, and fecundity) for mussels found good
agreement with previously described categorizations (Moore
et al., 2021). In general, opportunistic mussel species can be
characterized as fast-growing with short life spans and mod-
erate to high fecundity, whereas equilibrium strategists are
long-lived, slow-growing species with relatively low fecun-
dity (Haag, 2012). Periodic species generally exhibit interme-
diate life history traits compared with opportunistic and
equilibrium species (Haag, 2012).

A few recent studies have started to examine the rela-
tionship between environmental variables and the distribu-
tion of riverine mussels with different life history strategies
(e.g., Chambers & Woolnough, 2018; Daniel & Brown, 2014;
Hornbach et al., 2019). However, these studies only focused
on a single spatial scale and did not provide specific details
on the relationship between mussel life history strategies
and individual environmental variables. Incorporating a
multi-spatial scale approach for studying the distribution of
riverine organisms is needed because factors influencing
community structure often change with scale and are hierar-
chically nested (Allen & Starr, 1982; Fausch et al., 2002;
Viana & Chase, 2019). Historically, most studies investigat-
ing the distribution of mussels were conducted at a single
spatial scale. For example, studies at the local (e.g., reach)
scale (spatial scale 10'~10% m) found that near-bed hydrau-
lic variables, substrate type, and substrate stability were
important in predicting mussel presence (e.g., Allen &
Vaughn, 2010; Gangloff & Feminella, 2007, Maio &
Corkum, 1995; Strayer, 1999), whereas larger (e.g., regional)

scale studies (spatial scale 10°-10°m) found host fish
distributions, underlying geology, land use, and stream or
catchment size to be more important for differences in mus-
sel presence and community composition (e.g., Arbuckle &
Downing, 2002; McRae et al., 2004; Poole & Downing, 2004;
Schwalb et al., 2013, 2015; Vaughn, 1997). It is important to
notice that fish are both a fundamental resource and a vector
for dispersal. The presence of suitable host fish is required for
the reproduction of mussels, and dispersal of mussels may be
limited by the low mobility of their host fish (Schwalb,
Poos, & Ackerman, 2011; Schwalb, Cottenie, Poos, &
Ackerman, 2011) or their absence (Douda et al., 2012).

While many studies on mussels or other riverine
organisms can be found on a local reach scale and larger
regional scale (see above), studies examining the distribu-
tion of riverine organisms often lack continuous
fine-scale distribution data at intermediate spatial scales
(10-10° m), likely because collecting data at these scales
is labor- and cost-intensive (Fausch et al., 2002). Only a
few studies have collected extensive fine-scale distribu-
tion data of mussels (Inoue et al., 2014; Ries et al., 2016;
Terui et al., 2014). Therefore, the objective of this study
was to compare a life history strategy classification (hereaf-
ter referred to as trait-based approach) and taxonomic-level
approach (i.e., species) to examine how the distribution of
mussels and the factors driving this distribution would differ
with spatial scale (i.e., river vs. segment) and position in the
river (upstream vs. downstream). To address our objective,
spatially extensive surveys were conducted in upstream and
downstream segments (200 sites/segment) of the San Saba
River in Texas, USA. We also examined, for a smaller subset
of sites, whether any variation in fish existed within
our study area. Specifically, we addressed the following
questions: How does the relative importance of environmen-
tal and spatial factors for the distribution of mussels differ
between (1) spatial scales (i.e., river and segment),
(2) upstream and downstream segments within the same
river, and (3) species (taxonomic-level approach) and life
history strategy groups (trait-based approach)?

Environmental heterogeneity likely increases with
spatial scale as rivers usually exist along substantial
environmental gradients (e.g., Gronroos et al., 2013;
Heino, 2013) and can be substantially higher in more iso-
lated headwater streams compared with mainstem rivers
(e.g., Brown & Swan, 2010; Clarke et al., 2008; Datry
et al., 2017). Therefore, for questions 1 and 2, we hypoth-
esized that higher environmental heterogeneity at a
larger spatial scale (i.e., river vs. segment) and upstream
(compared to downstream) would result in more varia-
tion of community composition explained by environ-
mental factors at the river scale and in the upstream
segment (Figure 1A). We also expected that different
environmental factors would be drivers of the
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FIGURE 1 Hypothesized change in relative importance of
(A) environmental factors along a gradient of environmental
heterogeneity, resulting in higher importance of environmental
factors at a larger spatial scale (river) and more isolated position in
the river (upstream), and (B) spatial factors, being more important
downstream and at the river scale.

distribution of mussels at different spatial scales. For
example, local-scale environmental factors, such as sub-
strate type, should be more important at the segment
scale, whereas regional environmental factors, such as
ecoregion, should be more important at the river scale.

In respect to spatial factors, we hypothesized that
larger distances between sites at the river scale versus
segment scale would more likely cause dispersal limita-
tion, resulting in stronger spatial signals (i.e., more
variation explained by spatial factors; Heino et al., 2015;
Figure 1B). Additionally, applying the network position
hypothesis (Brown & Swan, 2010; Henriques-Silva et al.,
2019; Schmera et al., 2018) to segments of the same river
(tributary), the relative importance of spatial factors
in structuring mussel communities should be higher
downstream (compared with upstream) where dispersal

from connected mainstem sources (i.e., Colorado River)
is more likely (i.e., mass effects; Figure 1B).

For the third question, we expected that less of the
variation in species composition (taxonomic) would be
explained by environmental and spatial factors compared
with life history strategy groups (trait-based), because of
ecological drift causing random differences in species
abundances between sites, even in the absence of envi-
ronmental heterogeneity or similar connectivity and dis-
persal between sites (Leibold & Chase, 2018).

METHODS
Study area

The San Saba River is a spring-fed river located in central
Texas (Figure 2). The San Saba River is located within
two ecoregions (level III as defined by the United States
Environmental Protection Agency [EPA]). The upstream
segment of our study (see below) is located in the Edwards
Plateau ecoregion, whereas the downstream segment is in
the Cross Timbers ecoregion. The Edwards Plateau region
supports grasslands and juniper/oak/mesquite savannas in
relatively shallow soils underlain by limestone bedrock
(Griffith et al., 2007; tpwd.texas.gov). The Cross Timbers is a
mix of savannah and woodlands on fine sandy loam soils
with clay subsoils that retain water (Griffith et al., 2007;
tpwd.texas.gov). Land use is primarily characterized as semi-
arid ranch land in the middle and upper stretches, but is
more dominated by pecan orchards and row crop operations
in the lower stretch. Mean annual precipitation in the
San Saba River averages between 600 and 710 mm, with the
upper reaches receiving less precipitation compared with
downstream reaches (twdb.texas.gov). Historically, the
San Saba River was occupied by approximately 15 species of
freshwater mussels (e.g., Howells, 1994, 1995, 1996, 1997,
2005, 2006; Strecker, 1931); however, the San Saba River has
experienced recent declines in mussels (e.g., Mitchell
et al., 2019).

Field sampling—mussel communities

To examine fine-scale distribution of mussels in the
San Saba River, we conducted spatially extensive surveys
in two different river segments (upstream and down-
stream; Figure 2), each 20 km long, during the summer
and fall of 2018. Within each segment, two surveyors
kayaked downstream and conducted visual and tactile
timed searches (0.5-person hours) every 100 m within
each 20-km segment, totaling 200 sites per segment
(400 sites total). Surveyors searched sediment up to
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FIGURE 2 Study segment locations within the San Saba River. Dots denote the presence (black dots) and absence (white dots) of

mussels at sampling sites within each segment.

10 cm in depth when substrate composition allowed.
Each site consisted of a 10-m wide transect that extended
from one riverbank to the other. All mussels were identi-
fied to species and counted before being placed back into
the river at each site. Site coordinates, stream width (ft),
stream depth (ft), current velocity (m/s), mesohabitat
type (pool, riffle, and run), percentage of substrate type
(silt, sand, gravel, pebble, cobble, boulder, and bedrock),
water quality parameters (temperature, dissolved oxygen,
and conductivity), and percentage of emergent vegetation
(0, 0-25, 25-50, and >75) were measured at each sam-
pling site (Appendix S1: Table S1).

Field sampling—fish communities

Differences in mussel distribution have been explained
by other studies, at least partly, by differences in fish
communities (Dascher et al., 2018; Schwalb et al., 2013;
Vaughn, 1997). Although these studies were done at
larger spatial scales than this study (comparisons

between watersheds) and we did not expect variation in
host fish to drive the variation in mussels at the spatial
scale of our study (within a river), we wanted to examine
whether there was any variation in host fish communities
within our study area. The San Saba River can be charac-
terized as having relatively low fish species richness com-
pared with many river drainages in Texas (Dascher
et al., 2018). Fish communities were sampled with a mul-
tiple gear approach at three sites in each segment. The
sites were approximately 5-7 km apart to cover the longi-
tudinal extent of each segment, where mussels were
found during the continuous surveys. At each site, three
mini-fyke nets and one experimental gill net were set
overnight for approximately 12 h. The nets were run the
following morning, and the fish that were captured were
identified and counted. Fish caught in the nets were not
released into the river until electrofishing (see below)
was completed. Afterward, fish were sampled using
pulsed-DC (60 Hz, 25% duty cycle) backpack electrofish-
ing for 1 h. Fish were stored in a live well until electro-
fishing was completed, identified to species, counted, and
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then released into the river. Effort was made to sample
fish from all available mesohabitats (i.e., pool, riffle, and
run) within each site.

Remotely sensed data

Land cover data were extracted from the National Land
Cover Database (USGS-NLCD, 2019) and overlaid onto
sample site locations using QGIS 3.12. Land cover data
were summarized for each sampling site at three spatial
scales, including (1) a reach scale that included a 100-m
buffer on each side of the river that extended 1 km
upstream, (2) a segment scale that included a 100-m
buffer that extended 20 km upstream, and (3) a catch-
ment scale that included land cover data for the entire
watershed upstream of each sampling site. However, pre-
liminary analyses showed that land cover variables were
highly correlated between scales, and thus only
reach-scale land cover data were used for data analysis.
The percentage of land cover data for each sample site was
classified into seven categories: open water, developed,
forest, shrub, herbaceous, agriculture, and wetlands.

Ecoregions (level IIT) were downloaded from the EPA
and overlaid onto site locations. Mean annual precipitation
data (1981-2010) were obtained from the Texas Water
Development Board. Historical streamflow data (1999-2018)
were collected from USGS stream gages for each river seg-
ment and summarized using the Indicators of Hydrologic
Alteration software, resulting in 11 ecologically relevant vari-
ables to examine the impacts of flow regime on the distribu-
tion of mussel communities. Based upon the work of Gao
et al. (2009) and Yang et al. (2008), these variables included
measures of annual discharge, statistics representing both
low and high flow extremes, statistics representing the rate
of change and timing of flow events, a monthly flow statistic,
and a baseflow index (see Appendix S1: Table S1 for a com-
plete list of variables).

Data analysis

Fusconaia mitchelli and Truncilla macrodon were not
included in any analyses due to low sample size. Species
per unit of effort (SPUE; species/person-hour) and catch
per unit of effort (CPUE; mussels/person-hour) were
recorded for each site during the survey period. We used
a Student’s t-test to examine differences in SPUE and
CPUE between the two river segments. Normality and
homogeneity of variance of the data were tested with the
Shapiro-Wilk and Levene tests, respectively, and data
were loglO(x + 1) transformed to better meet the
assumptions of the analyses. We used permutational

multivariate analysis of variance (PERMANOVA) to test
for differences in host fish communities within and
between both river segments.

To avoid issues of multicollinearity, environmental
variables with a variance inflation factor >10 were not
included in the analyses. Redundancy analysis (RDA),
followed by a forward selection procedure (Blanchet
et al., 2008a), was used to determine the relative impor-
tance of local and regional environmental variables
(listed in Appendix S1: Table S1) in explaining variation
in the life history strategy response matrix of mussels
within and between river segments. The life history strat-
egy matrix data contained proportion data, which were
logit transformed before analyses. Asymmetric eigenvec-
tor map (AEM) analysis was used to model the spatial
structure of mussels with different life history strategies
within the San Saba River. AEM analysis is a spatial
modeling technique that was developed for ecosystems
such as rivers, in which directional physical processes
(e.g., water currents) can asymmetrically affect the distri-
bution of organisms (Blanchet et al., 2008b). This tech-
nique considers autocorrelation at different spatial scales.
Briefly, AEM analysis examines community data within
sites linked by a connection network, which is used to
construct a sites-by-edges matrix. For this study, edges
represent the physical route between study sites within
the river. Edges were weighted using water course dis-
tance in kilometers between sites. Spatial eigenvectors
can be derived from the site-by-edges matrix in three
ways, including principal components analysis, singu-
lar value decomposition, or a principal coordinate anal-
ysis on a Euclidean distance matrix produced from the
sites-by-edges matrix. All three methods produce simi-
lar results (Blanchet et al., 2008b). Eigenvectors were
calculated using a downstream directional distance
matrix accounting for the connectivity between sites.
Similarly, to the RDA above, a forward selection pro-
cess was used for each set of AEM variables to reduce
the number of spatial eigenvectors to predict the varia-
tion of life history strategy composition of mussels
(Blanchet et al., 2008a).

To reiterate, RDA and AEM analyses were computed
for both river segments combined (river scale) and then
independently for the upstream and downstream seg-
ments (segment scale). In total, we completed three RDA
and AEM analyses for the trait-based dataset (one of each
analysis at the river scale and two of each analysis at the
segment scales). Additionally, we performed the same
analyses mentioned above using a taxonomic (i.e., species
abundance matrix) approach to compare the amount of
explained community variation to that of the trait-based
approach, for which the mussel species were grouped
into the three different life history strategies (see above).
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Species abundance data were square root Hellinger
transformed to minimize the influence of rare species.
River segment was not included in the river-scale ana-
lyses as it was completely correlated with ecoregions.
Variation partitioning based on RDA was used to deter-
mine the relative importance of environmental and
spatial variables in explaining variation in community
composition of mussels with a traditional taxonomic
approach and a trait-based approach at the river and seg-
ment spatial scales. Additionally, at the river and seg-
ment scale, variation partitioning was used to examine
the relative importance of large- versus small-scale spatial
patterns in explaining the variation in community
composition with a taxonomic and trait-based approach.
AEM eigenvectors were categorized as large-scale (river
scale: AEM vectors 1-6, segment scale AEM vectors 1-2)
or small-scale (river scale: AEM vectors >6, segment
scale AEM vectors >2) spatial patterns based on visual
assessment (i.e., low-value AEM vectors represent larger
scale spatial variation and vice versa). All statistical

analyses were conducted in Program R 3.6.1 (R Core
Team, 2019). Redundancy analyses, forward selection, and
variation partitioning were conducted using the functions
“rda,” “ordistep,” and ‘“varpart” in the “vegan” package
(Oksanen et al., 2020). AEM analysis was conducted using
the “adespatial” package (Dray et al., 2018).

<

RESULTS

In total, 1617 live mussels from 11 species were collected
from the San Saba River during our spatially extensive sur-
veys (Appendix S1: Table S2). Live mussels were found at
49% (n = 196 sites) of all 400 survey sites (Figures 2 and 3).
The number of individuals found in the upstream
section (n = 862) was slightly higher compared with
the downstream segment (n = 755), and nine species
were found in both segments (Appendix S1: Table S2).
An average of 0.9 SPUE was found in both segments
(range: 0-6 species upstream and 0-5 species downstream).

A. Upstream segment

Downstream segment

3%
1%

/
/

c.{%
M
ﬂ%

FIGURE 3 Observed percentages of freshwater mussel life history strategists in the upstream and downstream segments of the San
Saba River (A). Range maps for mussels with different life history strategies in the upstream (B) and downstream (C) San Saba River.
Equilibrium, periodic, and opportunistic species are denoted by red, blue, and black dots, respectively.
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The average CPUE was slightly higher upstream
(8.6, range: 0-94) compared with downstream (7.3,
range: 0-96). However, there were no significant differ-
ences in SPUE or CPUE between the upstream and
downstream segments (p > 0.05 in both cases).

Periodic species (Lampsilis bracteata and Cyrtonaias
tampicoensis) had the highest relative abundance (51%)
in the upstream segment followed by an opportunistic
species (Utterbackia imbecillis; 34%) and equilibrium (15%)
species (Appendix S1: Table S2; Figure 3A). Periodic and
opportunistic species showed very similar distribution pat-
terns in the upstream segment (Figure 3B). In contrast,
equilibrium species were primarily located at sites where
periodic and opportunistic species were absent (Figure 3B).
The downstream segment was dominated by equilibrium
species (e.g., Cyclonaias petrina, C. pustulosa, and Tritogonia
verrucosa) and comprised 96% of individuals (Figure 3A;
Appendix S1: Table S2). Equilibrium species were found
throughout much of the downstream segment (Figure 3C).
Conversely, periodic species were located only in the upper
section of the downstream segment, and opportunistic spe-
cies were primarily found in the lower section of the down-
stream segment (Figure 3C).

A total of 1148 fish from 28 species were sampled
within our study segments. All known host fish species
(see Ford & Oliver, 2015), which are native to the San
Saba River, for mussels that were sampled during the
spatially extensive surveys were collected in our study
segments. Fish communities were not significantly differ-
ent within or between river segments (PERMANOVA;
p > 0.05 in all cases).

Environmental factors

As predicted (Figure 1A), environmental factors
(including spatially structured variation) explained con-
siderably more of the variation in life history strategy
groups at the river (56%) compared with the segment
scale, where 16% of the variation was explained by envi-
ronmental factors in the upstream segment, but none
in the downstream segment (Figure 4). However, many
of the environmental factors were spatially structured
and the pure effects of environmental factors were small
(0%-9% depending upon spatial scale and river position;
Figure 4). The larger AEM factors shared much of the
variation with environmental factors (up to 62%;
Figure 5A) at the river scale, but the smaller AEM factors
did not, indicating spatial structuring of environmental
factors mostly at a larger spatial scale. Spatial factors
(large and small scales) shared low amounts of variation
with environmental factors in the upstream (3%-4%) and
downstream (0%-5%) segments (Figure 5C,E).

100 -
A
X 80 -
c
3]
B 60 -
©
>
D 40 A
c
=
£ 20 1
w
0
100 |
B
. = ENV
Of, 80 A — gg;red
C
2
T 60 |
©
>
D 40 4
c
5
£ 20
i
0 .
Combined Upper Lower

FIGURE 4 (A) Percentage of variation in life history strategy
composition explained by pure environmental (ENV) and pure
spatial (SPA) effects identified by redundancy analysis and their total
shared variation (Shared) within different segments of the San Saba
River. (B) Percentage of variation in species community composition
explained by pure environmental (ENV) and pure spatial (SPA)
effects identified by redundancy analysis and their total shared
variation (Shared) within different segments of the San Saba River.

As expected, different environmental factors were signif-
icant at different spatial scales. Long-term streamflow met-
rics were important drivers of the life history strategy
composition at the river scale (Table 1; Appendix SI:
Table S3 and Figure S1A). For example, equilibrium species
were associated with increased summer flows (i.e., increased
base flow index and August flow), whereas opportunistic
and periodic species were associated with more variable
flow rates and more extreme low flow events (Table 1;
Appendix S1: Figure S1A). At the segment scale, vari-
ables representing differences between mesohabitats
(i.e., riffles vs. pools) were important environmental
predictors of the life history strategy composition of
mussels. Specifically, equilibrium species were primarily
associated with shallower and faster flowing sites, whereas
periodic and opportunistic species were primarily found
in deeper sites (i.e., pools) with lower current velocities
(Table 1; Appendix S1: Figure S1C).
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A Trait-based

ENV SPA-small

River scale

SPA- large

ENV SPA- small

Sa

Upstream

Residuals: 0.19

SPA- large

ENV SPA- small

Downstream

SPA- large

Residuals: 0.11

Residuals: 0.15

9 of 17
B Taxonomic
ENV SPA- small
' Residuals: 0.42
SPA- large
ENV SPA- small

Residuals: 0.64

SPA- large
ENV SPA- small
' Residuals: 0.69
SPA- large

FIGURE 5 Percentage of variation in life history strategies (trait-based; A, C, and E) and taxonomic composition (B, D, and F)

explained by environmental (ENV), small spatial scale (SPA-small), and large spatial scale (SPA-large) variables and their shared
components at the river scale (A and B, all study segments combined) and segment scale (upstream segment: C and D; downstream

segment: E and F). Values < 0 are not shown.

Spatial factors

As predicted (Figure 1B), a higher proportion of variation
in the life history strategy composition was explained by
spatial factors in the downstream segment compared
with the upstream segment. This applied to both the

spatial effects with and without shared variation with
environmental variables (i.e., pure spatial effects, 85% vs.
57% downstream and upstream, respectively; Figure 4).
Additionally, spatial factors explained a higher amount of
variation at the river scale (89%) compared with the
upstream segment (64%, including shared variation with
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TABLE 1 Significant environmental (local and regional)
variables (p < 0.05 after forward selection) selected at different
spatial scales using the trait-based, taxonomic, and those that were
shared by both approaches.

Selected environmental
Scale variables

Trait-based and taxonomic approach
Local

River Depth; percentage water;
conductivity

Upstream segment Depth; current velocity

Regional

River Annual flow coefficient of
variation (CV); base flow
index; date of minimum; rise
rate; 3-day max; 7-day min;
August flow; extreme low
peak; large flood peak; no.

reversals
Trait-based approach only
Local
River Riffle

Upstream segment Percentage water

Taxonomic approach only

Local
River Current velocity; percentage
bedrock; pool; percentage
cobble

Upstream segment Percentage sand; percentage

bedrock

Downstream segment Dissolved oxygen; percentage
cobble; percentage shrub; riffle

Note: See Appendix S1: Table S1 for a description of all environmental
variables.

environmental factors). In contrast to our prediction,
spatial factors either explained a similar amount of varia-
tion at the river scale (89%) compared with the down-
stream segment (85%, including shared variation with
environmental factors) or less at the river scale (34%) when
only considering pure spatial effects compared with
both the upstream (57%) and downstream segment
(85%; Figure 4).

The spatial structure of the distribution of different
life history strategy groups at the river scale was primar-
ily driven by one large-scale spatial variable (V1, adjusted
R?* = 0.55; Appendix S1: Table S4 and Figure S2) that
separated the downstream segment primarily composed
of equilibrium species from the upstream segment,
which contained more periodic and opportunistic species
(Figure 3; Appendix S1: Figure S2). At the river scale,
pure spatial effects (i.e., no shared variation with

environmental factors) were mostly explained by smaller
scale spatial variables (AEM values >6) with both the
trait-based and taxonomic approaches (Figure 5).

At the segment scale, in the upstream segment, the
distribution of opportunistic individuals was explained by
larger spatial patterns (V1 and V2) associated with higher
abundances in deeper pools throughout much of the
upstream segment (Figure 3B; Appendix S1: Figure S3).
Periodic species exhibited similar distribution patterns
compared with opportunistic individuals in the upstream
segment (Figure 3B; Appendix S1: Figure S3). However,
periodic species had the highest relative abundance in
pools at the upper end of segment (V83) and at the lower
quarter of the upstream segment (V33 and V14;
Appendix S1: Figure S3). Equilibrium species were found
in two primary areas of the upper segment (V21 and V67;
Figure 3B; Appendix S1: Figure S3) in shallow riffle and
run habitats.

Three prominent spatial patterns of mussels were
found in the downstream segment. Equilibrium species
were found in consistent numbers throughout the down-
stream segment, except for two areas that contained
higher proportions of pool habitats (V4; Appendix SI:
Figure S4) and had higher abundances of periodic or
opportunistic species (Figure 3C). Opportunistic species
were found primarily in the lower section of the down-
stream segment (V16 and V70) in riffle habitats, whereas
the periodic species were only found in the upper regions
(V72, V39, and V47) of the downstream segment where
deeper pools were more prominent (Figure 3C;
Appendix S1: Figure S4). At the segment scale, pure spa-
tial effects (i.e., no shared variation with environmental
factors) were mostly explained by smaller scale spatial
variables (AEM values >2) with both the trait-based and
taxonomic approaches (Figure 5).

Trait-based versus taxonomic approach

As expected, based on our hypothesis (Figure 1), less of
the variation (32%-54% lower depending upon spatial
scale) between species (taxonomic approach) was
explained by environmental and spatial factors compared
with the trait-based approach (Figure 4B). Many patterns
revealed by the taxonomic approach were similar to those
revealed by the trait-based approach, but there were also
some notable differences. While the variation in life his-
tory strategies in the downstream segment was exclu-
sively explained by spatial variables, environmental
factors (pure effects) explained at least a small amount
(3%) of the taxonomic variation (Figure 4). There was
also an increase in significant environmental predictors
at the taxonomic level compared with the trait-based
approach at the river and segment scales (Table 1).
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For example, at the river scale, species were associated
with changes in long-term flow metrics (similar to
the trait-based approach), in addition to differences in
ecoregion (Table 1; Appendix S1: Figure S1B). At the seg-
ment level, substrate type was an important predictor at
the taxonomic level (Table 1; Appendix S1: Figure S1D,E).

There were also two notable differences in respect to spa-
tial variables. First, the percentage explained by pure spatial
effects was mostly similar across scales and river positions in
the taxonomic approach, whereas more pronounced
differences were found with the trait-based approach
(downstream segment > upstream segment > river scale,
see above; Figure 4). Second, 2-3 times more significant
AEM factors were found with the trait-based approach at the
river and segment scales compared with the taxonomic
approach (Appendix S1: Table S3).

DISCUSSION

Environmental heterogeneity seems to be the main driver
for variation in the distribution of riverine mussels, at the
life history and taxonomic levels, resulting in a higher
amount of variation explained by environmental factors
where more environmental differences occur between sites
(i.e., higher environmental heterogeneity in the upstream
segment and on a river scale). Especially at the river scale,
much of the variation in environmental factors was spa-
tially structured with distinct communities, at the life his-
tory and taxonomic levels, occurring in the upstream
versus the downstream segment, but differences also
occurred between the upper and lower parts of a segment.
The distribution of mussels was further structured by the
presence of pools versus riffles (i.e., differences in water
depth, current velocity, and substrate). This environmental
structuring was most noticeable with the trait-based
approach, showing that different life history groups had a
highly predictable distribution pattern, as previously
predicted by Haag (2012). In contrast, stochasticity of
recruitment (including randomness connected with pres-
ence of infested host fish) and demographic events
(e.g., Chase, 2007, 2010) are most likely much more impor-
tant for the specific species community composition at a
site, especially between nearby patches with little or no
environmental heterogeneity. However, unmeasured envi-
ronmental variables, such as shear stress at high flow
(Lopez & Vaughn, 2021) or high temperatures during
past drying events, could also play a role. Studies that have
critically evaluated the role of stochastic community
assembly and ecological drift are very rare (e.g., Shinen &
Navarrete, 2014; Siepielski et al., 2010).

The large-scale differences in ecoregion and under-
lying geology result in differing flow regimes between

the upstream and downstream segments (Appendix S1:
Table S4). Differences in hydrologic disturbance within
rivers are known to play a key role in structuring com-
munities (Lake, 2000; Poff, 1992; Resh et al., 1988).
Thus, it is likely that periodic and opportunistic species
dominate in the upstream segment because they are better
adapted to the flashier flow regime (i.e., increased distur-
bance) of the upstream segment. Equilibrium species dom-
inate in the downstream segment because they may be
superior competitors (Haag, 2012; Strayer, 2008).

Alternatively, the distribution of life history strategy
groups could also be driven by differences in dispersal
abilities. In our study, the same equilibrium species were
found within the downstream and upstream segments,
suggesting that they have efficient or high levels of dis-
persal to colonize areas throughout the San Saba River.
Interestingly, a study on mussel metacommunity structure
in Ontario found that the majority of mussels classified as
equilibrium and opportunistic species had presumably
higher dispersal capabilities via their host fish compared
with periodic species (Schwalb et al., 2015). It is likely that
equilibrium species have efficient dispersal capabilities due
to the high movement ability (lengths >100 km) of their
primary host fish group (Ictalurids, e.g., Dames et al., 1989;
Fago, 1999; Vokoun & Rabeni, 2005). Conversely, except
for C. tampicoensis, different opportunistic and periodic
species were found in the upstream and downstream
segments, suggesting that some species may be either
dispersal-limited or habitat specialists adapted to more
spring-influenced reaches (upstream) or less flashy flow
regimes (downstream). However, our fish survey showed
that host fish species of the periodic and opportunistic
(primarily Centrarchidae and Sciaenidae) were widespread
and abundant throughout the San Saba River, and many
species within these families are capable of movements
from 15 to 161 km (e.g., Funk, 1957; Gatz Jr & Adams,
1994; Richardson-Heft et al., 2000), suggesting that dis-
persal limitation is unlikely within the San Saba River and
that mussel communities are primarily structured by envi-
ronmental factors.

Dispersal limitation is more likely to play a role at
spatial scales larger than those examined in our study
(i.e., between sub-basins and basins). Genetic studies can
be useful for examining dispersal limitations in mussels.
For example, a population of L. bracteata (periodic species)
in the San Saba River was found to be genetically different
from a population in the Llano River, which is another trib-
utary of the Colorado River (Inoue et al., 2020). Studies
examining mussel distribution in relation to host fish distri-
bution found host fish distributions to be an important pre-
dictor of mussel distributions between river basins (Daniel
et al., 2018; Dascher et al., 2018; Schwalb et al., 2013)
or sub-basins (Vaughn & Taylor, 2000; Watters, 1992).
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In contrast, studies have often found weak relationships
between host fish and mussel distributions at smaller spa-
tial scales within sub-basins (Cao et al., 2013; Krebs
etal., 2010; Lyons et al., 2007).

In the downstream segment, mussel distribution
patterns were explained mostly (taxonomic approach) or
solely (trait-based approach) by spatial factors, suggesting
a high importance of dispersal processes, which would
be consistent with the network position hypothesis
(e.g., Brown & Swan, 2010). Our original hypothesis was
that strong spatial effects downstream would be caused
by high levels of dispersal from mainstem Colorado River
communities (i.e., mass effects). If dispersal rates are
high, we might expect an increase in species richness and
a higher number of unique species within sites located
closer to the mainstem because they are more closely
connected to the regional species pool. However, the
lower half of the downstream segment (located closest to
the mainstem) contained less individuals from fewer spe-
cies and contained no unique species compared with the
upper half of the downstream segment and the upstream
segment, potentially suggesting a lack of high dispersal
rates within the downstream segment from mainstem
communities or indicating that this area contains stress-
ful environmental conditions. The strong response to envi-
ronmental heterogeneity we observed in the upstream
segment and at the river scale suggests that the strong spa-
tial signals may represent the absence of environmental
heterogeneity in the downstream segment, especially at
the occupied sites, which is causing the apparent lack of
environmental effects. Mussels in the downstream
section occurred almost exclusively in riffles and runs,
which were relatively environmentally homogenous. Pure
spatial effects (no correlation with environmental factors)
if not caused by dispersal differences may also capture
unmeasured environmental differences between sites but
may also detect patterns created by stochastic processes
(see above).

Given our results, we predict that mussel communi-
ties within the San Saba River are primarily structured by
environmental heterogeneity, which is presumably
higher upstream and at the river scale, and stochasticity
(Figure 6), which becomes more important where environ-
mental heterogeneity is lower (Figure 6). Additionally,
environmental factors are predicted to have a stronger
influence on the composition of mussels at the life history
level, whereas stochasticity will play a larger role in deter-
mining mussel composition at the taxonomic level
(Figure 6).

Our results suggest that the absence of certain species
may not be necessarily associated with differences in
environmental conditions, but may be driven by stochas-
tic assembly processes, which need to be considered in

— trait-based
- = taxonomic

Environmental
factors

Spatial Scale Segment River
River position Downstream Upstream
>

Environmental heterogeneity

FIGURE 6
stochasticity in structuring the life history strategy (trait-based) and

Predicted importance of environmental factors and

taxonomic composition of mussels along a gradient of environmental
heterogeneity at different spatial scales and river network positions.

conservation and management decisions. Effective
conservation strategies should therefore also pay atten-
tion to species with similar traits and their distribution
when defining potential critical habitat. Species with sim-
ilar traits could also be used as surrogate species for eco-
logical studies, especially if those species are more
abundant (Pracheil et al., 2016).

While our multi-scale trait-based approach led to a
better understanding of the structuring processes of mus-
sel communities, we acknowledge its limitations. To
gather our extensive dataset, we traded off a larger number
of sites with shorter search times at each site. However, the
species richness and abundances found at our survey sites
were comparable with recent studies in the San Saba River
(Mitchell et al., 2019; Randklev et al., 2018), which used
considerably longer search times. Since mussels are
long-lived, environmental conditions that occurred several
years ago, for example, shear stress during extreme high
flow (Lopez & Vaughn, 2021) or high temperatures during
past extreme low flow conditions, are likely even more rel-
evant for the distribution of mussels than the local envi-
ronmental variables we were able to measure and use in
our analyses. However, measurements of relevant environ-
mental conditions (e.g., shear stress at high flows) can be
dangerous to obtain during extreme flow events and diffi-
cult to extrapolate if only measurements at base flows are
possible. Environmental conditions during extreme flow
events (not measured in this study) may likely be more rel-
evant for determining presence and absence at a particular
site than changes in mussel community composition, but
this would require further research. Further, the limited
availability of quantitative life history traits limited our
analysis to Haag’s (2012) broad genus-level classification,
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which aggregates the variety of life history strategies into
three distinct life history groups. A more complete list of
quantified traits (e.g., life span, fecundity, growth rates) for
freshwater mussel species would allow for better under-
standing of the relationship between community structur-
ing and specific traits. This, in turn, could enable
researchers to adopt a more quantitative and continuous
approach.

Based on our unique and detailed extensive survey data
in combination with a trait-based and taxonomic-level
approach, we gained additional insights into relevant envi-
ronmental and spatial drivers at different spatial scales,
which likely would have remained undetected in conven-
tional survey designs and taxonomic analyses. It also facili-
tated the development of a predictive model for our study
system (Figure 6). We encourage researchers to implement
similar high-resolution sampling designs over larger spatial
scales and along a gradient of environmental heterogeneity
and to test whether our predictions outlined in Figure 6
also apply for a wider variety of taxa across a broad range
of ecosystems. The role we predict for environmental het-
erogeneity and stochasticity in shaping the distribution of
mussels in our study river likely also applies to other taxa
and ecosystems (e.g., terrestrial woody and perennial
plants, corals) at a spatial scale at which neither dispersal
limitation nor mass effects occur. Thus, understanding the
magnitude and extent of dispersal relative to the amount
of environmental heterogeneity may be key for predicting
metacommunity structure and dynamics for different
organisms.

In addition, researchers should focus on more manipula-
tive and controlled experiments (e.g., translocation studies)
to better tease apart the relative importance of environmen-
tal filtering, dispersal, and other neutral processes (i.e., eco-
logical drift) in structuring metacommunities. Future
studies should also examine how trait-based and taxonomic
patterns of organisms change at various temporal scales, as
temporal dynamics and trajectories are emerging as an
important component of metacommunity dynamics.
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