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a b s t r a c t

The availability of freshwater to meet human and natural ecosystem needs remains the
ultimate challenge of ecologically sustainable water management. This issue is particularly
true in the southwestern United States, such as Texas, where water resources are already
over allocated. The San Saba River, located in central Texas, exemplifies this issue as
excessive water withdrawal has resulted in intermittency for as much as two-thirds of its
length. The effect of this dewatering on aquatic species such as mussels is not well known,
which is problematic because five species of high conservation concern occur in this river.
The goal of this study was to examine how dewatering may have affected the distribution
of these species and to identify options for mitigating this threat. Comparing species-per-
unit-effort (SPUE) and catch-per-unit-effort (CPUE) between these reaches, we found SPUE
and CPUE were 3.7 and 7.9 times lower, respectively, in intermittent reaches than in
perennial reaches. Using fuzzy ordination, we found that mussel assemblage structure
differed between intermittent and perennial reaches despite both historically sharing
similar fauna. Evaluating habitat, we found differences in mussel-mesohabitat associations
between perennial and intermittent reaches. Current water policy and regulatory tools to
mitigate this issue are insufficient, which raises serious questions about how states like
Texas, located in arid and semi-arid regions, will be able to protect aquatic ecosystems
under the specter of ever increasing population growth and climate change.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The availability of freshwater to meet human and natural ecosystem needs has emerged as one of the world's primary
resource issues and achieving compatibility between these two needs remains the ultimate challenge of ecologically
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sustainable water management (sensu Olden and Naiman, 2010). Issues with sustainable water use stem from increasing
human demand coupled with climate change, which result in hydrologic alterations that at best lead to increases in the
frequency and duration of low flows and at worst persistent stream dewatering (Milly et al., 2005). These changes are
occurring at a rate that is outpacing the adaptive capacity and dispersal ability of many aquatic organisms, resulting in broad-
scale reductions in biodiversity (Strayer and Dudgeon, 2010).

Freshwater mussels (Bivalvia: Unionidae) are among the most imperiled faunas due to human impacts on water quantity
and quality (Williams et al., 1993; Haag, 2012). As Allen et al. (2013) note, the influence of stream flow onmussels is pervasive,
shapingmussel habitat and governing growth, survivorship and reproduction. Because of this, dewatering caused by drought,
human-induced activities, or both, can result in mussel losses either directly through stream drying or indirectly as low flows
combined with elevated water temperatures cause sublethal effects that eventually exact mortality (Golladay et al., 2004;
Randklev et al., 2013a; Vaughn et al., 2015). Sublethal effects caused by low flows are especially problematic, particularly if
populations are able to persist, because population performance (i.e., growth, survivorship, and reproduction) is likely
diminished as individuals shift energetic resources from growth and reproduction to maintenance (R. Levins and R.H.
MacArthur's principle of allocation; Cody, 1966). Such shifts can be best described as “robbing Peter to pay Paul,” as energetic
shifts to stave off mortality hinder later growth and reproduction, producing no net gain in population performance. If such
events occur frequently then impacts to population performance could persist through multiple generations and as a
consequence diminish long-term population viability (Haag, 2012; Vaughn et al., 2015). Unfortunately, there are very few case
studies on the effects of drought on mussels, particularly species from the southwestern United States, where water quantity
is always an issue (but see Randklev et al., 2013a). Moreover, there has been very little discourse on how current water law in
arid and semi-arid places like Texas may not provide adequate oversight to ensure mussel persistence, even during non-
drought periods (Wolaver et al., 2014). Thus, decision makers, resource managers, and conservationists lack sufficient in-
formation to predict howmussel community structure will respond to dewatering events and appropriate regulatory tools to
protect impacted populations.

The Edwards Plateau of Central and West Texas supports a unique set of aquatic faunal groups due to karst aquifers,
springs, and high gradient streams, combined with the intersection of several biotic provinces (Edwards et al., 1989b; Bowles
and Arsuffi, 1993). More than 90 endemic aquatic species are extant in the region, ranging from a single plant species to a
diverse number of arthropods (51 species), mollusks (17 species), fishes (14 species), and reptiles (11 species; (Edwards et al.,
1989b; Bowles and Arsuffi, 1993). Included among the endemic molluscan fauna are five state-threatened species of fresh-
water mussels (Bivalvia: Unionidae), namely Cyclonaias houstonensis (Smooth Pimpleback), Cyclonaias petrina (Texas Pim-
pleback), Fusconaia mitchelli (False Spike), Lampsilis bracteata (Texas Fatmucket), and Truncilla macrodon (Texas Fawnsfoot),
that are now pending review or are candidates for protection under the Endangered Species Act (Department of the Interior,
1973; TPWD, 2010; USFWS, 2011).

The San Saba River, a major tributary of the Colorado River situated on the Edwards Plateau, has been impacted by
increased groundwater and surface water withdrawal for agricultural purposes, which has resulted in intermittency in as
much as two-thirds of its length (Nielsen-Gammon, 2012; Bowles and Arsuffi, 1993). These impacts have led conservationists
to label the San Saba River as one of the most endangered rivers in the United States (Edwards et al., 1989a). In general,
mussels require flowing water and intermittency can have negative effects on growth, reproduction, and survival (Gates et al.,
2015). For example, Allen et al. (2013), who investigated the effects of different water management practices on mussel
communities, found that mussel losses were greatest in reaches with prolonged reduced flows. For the San Saba River, it is
likely that similar impacts have occurred in reaches that have now become intermittent and experienced extended periods of
zero flow or dewatered river bed. Understanding if and how the San Saba mussel communities have shifted due to inter-
mittency is sorely needed because of the potential listing of several mussel species endemic to this drainage. Additionally, the
San Saba River is reliant on spring inputs to maintain base flows, which is typical of streams within the Edwards Plateau and
the greater southwestern United States (Brune, 1975; Bowles and Arsuffi, 1993; Griffith et al., 2007). Thus, the rapid decline in
water quantity due to groundwater pumping in the basin portends what is likely to happen in other spring-fed systems.

Here, we present the results of an observational study examining changes in mussel assemblage structure between
intermittent and perennial reaches of the San Saba River, one of the last free-flowing river systems of central Texas. The
objectives of this study were threefold: 1) examine the status of freshwater mussels along the entire length of the San Saba
River, particularly for those species being reviewed by U.S. Fish and Wildlife Service for listing under the Endangered Species
Act; 2) use the resulting data to compare assemblage structure between intermittent and perennial reaches; and 3) discuss
how these results likely relate to water management practices and discuss management implications and potential solutions.

2. Methods

2.1. Study area

The San Saba River is a spring-fed stream located in central Texas on the northern boundary of the Edwards Plateau (Fig.1).
The San Saba River rises in Schleicher County and runs approximately 100miles east to its confluencewith the Colorado River
in San Saba County (Brune,1975; Belisle and Josselet, 1977). This region of the Edwards Plateau is characterized by rolling hills
with broad flat valleys underlain by cretaceous limestone bedrock (e.g., Ellenburger, Fredericksburg, and Trinity formations,
among others). Vegetation ranges from oak (Quercus spp.), mesquite (Prosopis spp.), and Ashe juniper (Juniperus ashei)



Fig. 1. Map of the San Saba River. Intermittent reaches are distinguished from perennial reaches by a gray buffer. Black circles denote sample sites (site numbers
are listed for each). MIC indicates the Menard Irrigation Canal, which from 1994 to 2011 annually diverted 0 to 14,180 acre/feet of water, despite being permitted
for only 3228 acre/feet per year (RPS Espey, 2013). Blue diamonds denote the location of shallow alluvial wells that are suspected of diverting surface and
groundwater from the San Saba River (RPS Espey, 2013). Inset panel “A” shows mean annual precipitation (mm) and mean annual maximum temperature (�C)
near Menard, TX, from 1999 to 2018 (NOAA Station ID: GHCND: USC00413257). Darker shaded bars indicate general irrigation scheduling by month for both
pecan orchards and alfalfa. Inset panel “B” shows land use, using the National Land Cover Database 2011, within the intermittent reach at Menard, TX. Inset panel
“C” shows an example photo of a dewatered reach likely due to upstream agricultural activities. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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association to post oak (Quercus stellata) and blackjack oak (Quercus marilandica) savanna andmixed grasslands (Griffith et al.,
2007). Land use in the watershed is dedicated primarily to livestock grazing, but some farming (e.g., pecans, among others)
occurs in the alluvial valleys (Blum et al., 1994; Griffith et al., 2007; RPS Espey, 2013). Climate in the region is considered
semiarid to subtropical-subhumid with long, hot summers and cool winters (Blum et al., 1994). Annual rainfall varies, with
spring and fall months being the wettest and winter and summer months receiving very little rain and thus being prone to
drought (ranges from 10 to 50mm per month; Fig. 1A). As a result, the river is characterized by long periods of low flow and
short, high-magnitude discharges during heavy rainfall events (Blum et al., 1994) and has several losing reaches associated
with outcrops of Llano Uplift geology (Slade et al., 2002). However, flows in the San Saba River are no longer continuous
throughout its length due to unregulated groundwater pumping and diversions (RPS Espey, 2013). As a result, the upper and
middle portions of the river are now prone to intermittency (Fig. 1), despite receiving inflows from Fort McKavett and Clear
Creek Springs, which have remained constant during the same period (RPS Espey, 2013).
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2.2. Study design

We classified reaches of the San Saba based on whether they are now generally intermittent or perennial according to
recent hydrologic analyses of the river (RPS Espey, 2013), our own personal observations during sampling in 2011 and 2015,
which included multiple growing seasons for pecan orchards and center irrigated hay pastures, and our discussions with
impacted landowners. RPS Espey (2013) evaluated the hydrology and hydrogeology of the San Saba River downstream of
Menard, TX (Fig. 1) using USGS gauge data, TWDB (Texas Water Development Board) drillers log database, a 2007 version of
the Colorado Water Availability Model Run3 and TCEQ (Texas Commission of Environmental Quality) Investigation reports.
The conclusions of that report were that unregulated groundwater withdrawals and surface water diversions to support
agricultural crops and pecan orchards were likely responsible for the dewatering in the upper andmiddle portions of the river
(RPS Espey, 2013, Fig. 1B). Water use for agricultural crops in these reaches can vary depending on air temperature and
precipitation. However, pecan orchards generally receive irrigation (up to ~152e183 cm per year; Irmak et al., 2007) from
February until October and irrigation for alfalfa (which can be up to 2.54 cm per week; Heerema et al., 2008) can last from
March until September. For the purposes of this paper, we define intermittency for the San Saba River as reaches that are
typically perennial but are completely drawn down or reduced to a series of disconnected pools during agriculture activities
(Fig. 1C). The intermittent and perennial reaches also differ in their substratum such that the former is dominated by
limestone outcroppings whereas the latter is comprised of gravel and mud depending on habitat type. Despite these dif-
ferences the fauna of both reaches were historically similar (Strecker, 1931; R. Howells, 1998).

Mussel data was collected from 36 sites along the entire length of the river. Eighteen of these sites were located in the
portion of the San Saba River prone to drying (hereafter the intermittent section), and the remaining 18 were located in the
lower portion of the river that has remained wetted, even during dry years (hereafter the perennial section) (Fig. 1). In the
upper and middle San Saba, sites were randomly selected and had to be within 2e3 RKMs (river kilometers) from a bridge
crossing and accessible by canoe, kayak or by foot and had to have remained wetted since 2011. For the lower San Saba River,
sites had to be accessible from a bridge crossing or point of public access, and based on preliminary surveys, there had to be
presence of shells or live mussels at the site.

2.3. Sampling

Surveys consisted of timed-searches using a species accumulation method incorporating multiple search periods of 1
person-hour (p-h) each to find as many species as possible within a fixed area. Following each search period, all live mussels
were combined and the number of new species was tallied. This process continued until no new species were found, at which
point we determined that the assemblage had been sampled fully (see Metcalfe-Smith et al., 2000) for further details on this
method). Mussel habitat use within intermittent and perennial reaches was determined based on mesohabitat (i.e., riffle, run
or pool) where mussels were collected and was identified in the field based on flow and depth (Frissell et al., 1986; Pardo and
Armitage, 1997).

2.4. Data analyses

Survey data at each site were used to estimate species richness (total number of species), species-per-unit-effort (SPUE;
species/p-h), catch-per-unit-effort (CPUE; number of mussels/p-h), and species occurrence (percent of mussels found across
sites). We used a Student's t-test (a¼ 0.05) to test for differences in estimates of SPUE and CPUE between perennial and
intermittent sections of the river. We used fuzzy ordination (Roberts, 2009) to determine whether mussel community
composition between perennial and intermittent sites was similar. Fuzzy ordination employs fuzzy set logic and unlike other
ordination techniques requires that potential environment-biotic community relationships be defined before performing the
ordination. Specifically, sites are assigned values ranging from 0 to 1 to denote their membership in a set (sensu Boyce, 1998).
In this study, the values of the sites are based on longitudinal stream position (river kilometers (RKM)) and range from 0 (most
downstream site) to 1 (most upstream site). A third set is constructed by finding the anticommutative difference between the
first two sets (sites that are similar to set 0 but are not similar to 1) based on the community data (Popejoy et al., 2018). In this
case, the third set is the predicted RKM location of each sample along the San Saba River based on mussel community
composition. Based on this model structure, we hypothesize that if dewatering is influencing mussel community structure,
then sites should group based on their actual position within perennial vs. intermittent reaches. Spearman r value is used to
assess the fit between the actual location and predicted locations and, thus, provides a measure of the relationship between
perenniality and intermittency in determining mussel community structure. Fuzzy ordinationwas implemented using the fso
package (Roberts, 2013; R Core Team, 2014).

Habitat selectivity by mesohabitat (i.e., riffle, run and pool) was constructed for species with more than 25 observations
using the Strauss Linear Food Selection Index (Strauss, 1979). The values of this index are based on the difference between the
proportion of a particular habitat category utilized by a species and the proportion of that category that is available. The
sampling variance in the linear index allows for a statistical comparison between the calculated value and the null-hypothesis
value of zero (Strauss, 1979). P-values less than or equal to 0.05 were considered significant. Suitability values were assigned
to each index value based on significance as follows: 1¼ significant, positive values, 0.5¼ nonsignificant, positive values,
0.2¼ nonsignificant, negative values and 0¼ significant negative values (Persinger et al., 2011).
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Daily stream flow data from select US Geological Survey (USGS) gauges on the San Saba, Colorado, Llano Rivers and Brady
Creek were evaluated to examine how flow in these systems has changed over time. The Llano River was included in these
analyses for comparison because it does not have the same agricultural issues (i.e., intensive water use) as the San Saba near
Menard, plus anecdotal observations indicate dewatering is now occurring in this system, whichmay impact its mussel fauna.
Our interviews with impacted landowners indicated that dewatering downstream of Menard, TX, began around 1999. In-
dicators of Hydrologic Alteration (IHA), version 7.03 (Richter et al., 1996), was used to calculate the annual number of reversals
(mean number of times in which flow switched from a rising period to a falling period or from a falling period to a rising
period) and the 7-day minimum (annual minimum 7-day mean discharge (m3/s)). Our rationale for choosing these indices is
that dewatering tied to irrigation and drought should lead to increases in the number of reversals per year and alterminimum
flows. The latter should increase at stations near an irrigation outfall like the Menard Irrigation Canal, which from 1994 to
2011 annually diverted anywhere from 0 to 14,180 acre/feet of water (RPS Espey, 2013), or decrease at stations not directly
affected by such projects but still impacted by dewatering, either due to human activities, drought, or both. The resulting data
were then evaluated using a general additive model (GAM) approach by plotting annual reversals or the 7-day minimum
against time (years). Major drought periods (following http://twri.tamu.edu/publications/txh2o/fall-2011/timeline-of-
droughts-in-texas/) were then overlaid to visually examine whether dewatering varied with these climatic conditions.
GAMs were implemented using the MGCV package (R Core Team, 2014).

To visualize the impact dewatering may be having on mussel assemblage structure within the San Saba River, we
calculated the prevalence of Amblema plicata (Threeridge), C. houstonensis, C. petrina, L. bracteata, Leptodea fragilis (Fragile
Papershell), Tritogonia verrucosa (Pistolgrip), andUtterbackia imbecillis (Paper Pondshell) by HUC10 (i.e., USGS Hydrologic Unit
Code 10, which denotes the boundaries of standardized watersheds typically ranging from ~160 to 1010 km2; https://water.
usgs.gov/GIS/huc.html). These species were chosen because they were the most common during our surveys. The resulting
data were then mapped and color-coded using ArcMap 10.6.

3. Results

3.1. Overview of survey results

Of the 36 sites sampled in the San Saba River, we observed a total of 3283 mussels from 13 species (Table 1). Four of the
state-threatenedmussels (F. mitchelli, C. houstonensis, C. petrina, and L. bracteata) recorded historically from the San Saba River
were observed in this study (Table 1). Additionally, we observed the state-threatened mussel T. macrodon, which was only
recently reported from the river (Randklev et al., 2013b). Mussel species richness and CPUE across sites ranged from 0 to 10
species (3.2± 0.4; mean± SE) and 0e50.5 mussels/p-h (9.7± 2.1), respectively, and species occurrence ranged from 2.8 to
52.8% (24.4± 4.6%) across the study area (Table 2).

Cyclonaias petrina, T. verrucosa, and C. houstonensis were the most abundant species, comprising 84% of the mussels
collected. Cyclonaias petrina had the highest relative abundance (31.5%) but the third highest overall prevalence (41.7%) across
Table 1
Records of live freshwater mussels collected in the San Saba River, Texas, including data from both previous studies and the present study.

Scientific Name Common Name Streckera Howellsb Present

Perennial Intermittent

Anodontini
Strophitus undulatus (Say, 1817) Creeper X X
Utterbackia imbecillis (Say, 1829) Paper Pondshell X X

Amblemini
Amblema plicata (Say, 1817) Threeridge X X X

Lampsilini
Cyrtonaias tampicoensis (I. Lea, 1838) Tampico Pearlymussel X X
Lampsilis bracteata (Gould, 1855)c Texas Fatmucket X X X
Lampsilis teres (Rafinesque, 1820) Yellow Sandshell X
Leptodea fragilis (Rafinesque, 1820) Fragile Papershell X X
Potamilus purpuratus (Lamarck, 1819) Bleufer X X X
Truncilla macrodon (I. Lea, 1859)c Texas Fawnsfoot X

Quadrulini
Quadrula apiculata (Say, 1829) Southern Mapleleaf X X X
Cyclonaias houstonensis (I. Lea, 1859)c Smooth Pimpleback X X X
Cyclonaias petrina (Gould, 1855)c Texas Pimpleback X X X X
Tritigonia verrucosa (Rafinesque, 1820) Pistolgrip X X X X

Pleurobemini
Fusconaia mitchelli (Simpson, 1859)d False Spike X X

a Records from Strecker (1931).
b Records from Howells (1994, 1995, 1996, 1997, 1998, 2001, 2005, 2006); he also reportedly found shell material from an additional species (Pyganodon

grandis, giant floater), though no live individuals have ever been observed.
c Species are listed as threatened by Texas Parks and Wildlife Department and as candidates by U.S. Fish and Wildlife Service.
d Species petitioned for listing under the Endangered Species Act.

http://twri.tamu.edu/publications/txh2o/fall-2011/timeline-of-droughts-in-texas/
http://twri.tamu.edu/publications/txh2o/fall-2011/timeline-of-droughts-in-texas/
https://water.usgs.gov/GIS/huc.html
https://water.usgs.gov/GIS/huc.html


Table 2
Qualitative survey data of freshwater mussels from the San Saba River, Texas. Data include the number of mussels collected, species richness (number of species), number of person-hrs, and catch-per-unit-effort
(CPUE; mussels/p-h) among sample sites and percent relative abundance (RA) and percent occurrence among species. The letter p indicates that a species was present at a site but abundance was not recorded.

Sample Sites Perennial Intermittent

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Anodontini
Strophitus undulatus ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 1 ‒ ‒ ‒ ‒ ‒

Utterbackia imbecillis ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒

Amblemini
Amblema plicata 6 7 1 1 8 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 170 ‒ ‒ ‒ ‒ ‒

Lampsilini
Cyrtonaias tampicoensis 1 ‒ ‒ ‒ 1 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 1 ‒ ‒ ‒ ‒ ‒

Lampsilis bracteata ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒

Leptodea fragilis 3 1 2 1 21 3 p ‒ ‒ ‒ 3 3 1 5 5 2 1 1 ‒ ‒

Potamilus purpuratus ‒ 1 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒

Truncilla macrodon ‒ 1 ‒ ‒ 3 ‒ ‒ ‒ ‒ ‒ ‒ 1 ‒ 1 4 ‒ ‒ ‒ ‒ ‒

Quadrulini
Quadrula apiculata ‒ ‒ ‒ ‒ ‒ ‒ p ‒ ‒ ‒ 1 ‒ ‒ ‒ 1 ‒ 4 ‒ ‒ ‒

Cyclonaias houstonensis 3 10 17 43 390 63 p p p p 5 33 6 18 72 13 ‒ ‒ ‒ ‒

Cyclonaias petrina 2 109 35 247 21 p p ‒ ‒ 37 14 40 82 234 31 ‒ 2 ‒ ‒

Tritigonia verrucosa 4 19 10 14 251 14 p p ‒ p 33 11 2 28 344 5 1 ‒ ‒ ‒

Pleurobemini
Fusconaia mitchelli ‒ ‒ ‒ ‒ 2 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 1 ‒ ‒ ‒ ‒ ‒

Total 19 148 30 94 923 101 ‒ ‒ ‒ ‒ 79 62 49 134 832 51 6 3 0 0
Person-hrs 3 4 3 5 70 2 ‒ ‒ ‒ ‒ 3 5 2 5 127 2 2 1 4 4
Richness 6 7 4 5 8 4 5 3 1 2 5 5 4 5 10 4 3 2 0 0
CPUE 6.3 37 10 18.8 13.2 50.5 ‒ ‒ ‒ ‒ 26.3 12.4 24.5 26.8 6.6 25.5 3 3 0 0

Sample Sites Intermittent Total RA Occur.

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Anodontini
Strophitus undulatus ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 1 0.0 2.8
Utterbackia imbecillis ‒ ‒ 6 1 15 ‒ ‒ 11 1 8 12 3 7 8 11 3 86 3.2 33.3

Amblemini
Amblema plicata ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 193 7.2 16.7

Lampsilini
Cyrtonaias tampicoensis ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 3 0.1 8.3
Lampsilis bracteata ‒ ‒ 1 ‒ ‒ ‒ 1 ‒ 9 ‒ 5 23 32 1 ‒ ‒ 72 2.7 19.4
Leptodea fragilis ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 52 1.9 41.7
Potamilus purpuratus ‒ ‒ 3 ‒ ‒ ‒ ‒ 2 ‒ ‒ ‒ ‒ 1 ‒ ‒ ‒ 7 0.3 11.1
Truncilla macrodon ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 10 0.4 13.9

Quadrulini
Quadrula apiculata ‒ ‒ ‒ 1 ‒ ‒ ‒ ‒ ‒ ‒ ‒ 3 1 ‒ ‒ ‒ 11 0.4 19.4
Cyclonaias houstonensis ‒ ‒ ‒ ‒ 7 1 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 681 25.1 50.0
Cyclonaias petrina ‒ ‒ ‒ ‒ ‒ 1 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 855 31.5 41.7
Tritigonia verrucosa ‒ ‒ ‒ ‒ ‒ ‒ ‒ 1 3 ‒ ‒ ‒ 1 ‒ ‒ ‒ 741 27.3 52.8

Pleurobemini
Fusconaia mitchelli ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 3 0.1 5.6

Total 0 0 10 2 22 2 1 14 13 8 17 29 42 9 11 3 2713 ‒ ‒

Person-hrs 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 ‒ ‒ ‒

Richness 0 0 3 2 2 2 1 3 3 1 2 3 5 2 1 1 ‒ ‒ ‒

CPUE 0 0 2.5 0.5 5.5 0.5 0.3 3.5 3.3 2.0 4.3 7.3 10.5 2.3 2.8 0.8 ‒ ‒ ‒
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sites (Table 2). Tritigonia verrucosa had the second highest relative abundance (27.3%) and was the most widely distributed
species, occurring at more than half (52.8%) of the sample sites in the San Saba River (Table 2). Cyclonaias houstonensis, the
third most relatively abundant species (25.1%) occurred at half of the sample sites (50.0%; Table 2). The remainder of the
species had a relative abundance <7.4%, but some of the species were moderately prevalent across sites, including A. plicata
(16.8%), L. fragilis (41.7%), T. macrodon (13.9%) and U. imbecillis (33.3%).

3.2. Comparison of mussel species richness and abundance between perennial and intermittent reaches

Mussel communities varied between the intermittent and perennial reaches of the San Saba River (Fig. 2). Mean SPUE and
CPUE in the intermittent section of the river were lower (SPUE: 0.4± 0.1 species/p-h; CPUE: 2.6± 0.7 mussels/p-h) compared
to those in the perennial section (SPUE: 1.6± 0.1 species/p-h; CPUE: 20.3± 4.2 mussels/p-h), and a Student's t-test indicated
these differences were significant (SPUE: t¼�8.4, df¼ 28, p< 0.001; CPUE: t¼�5.9, df¼ 28, p< 0.001), such that SPUE and
CPUE were 3.7 times and 7.9 times higher in the perennial reaches than in the intermittent reaches, respectively.

3.3. Comparison of mussel community composition between perennial and intermittent reaches and flow before and after
intermittency began in the San Saba River

The test associated with the ordination using mussel community composition and RKM was significant (r¼ 0.9, p< 0.01),
with perennial and intermittent sites forming distinct groups, indicating little similarity in mussel community structure
between the two reaches (Fig. 3). For example, we found that L. bracteata and U. imbecillis were the dominant species in the
intermittent reaches of the San Saba River, and neither was observed in the perennial portions of the river (Fig. 4). Amblema
plicata, T. macrodon and L. fragiliswere observed only in the perennial reaches (Fig. 4), whereas C. houstonensis, C. petrina and
T. verrucosawere present throughout the San Saba River but were more abundant and prevalent in the perennial sections of
the river (Fig. 4).

Reversals, which correspond to the number of daily changes in flow that are either positive or negative per year, showed a
significant positive increase after 1999 at the Menard (08144500; located immediately downstream of the Menard Irrigation
Fig. 2. (A) Species richness (black) and catch-per-unit-effort (CPUE; gray) among sites in the San Saba River. The vertical, dotted line denotes the separation
between portions of the river that have gone intermittently dry (intermittent) and sections of the river that have remained perennial (perennial). (B) SPUE
(mussels/p-h) and (C) CPUE (mussels/p-h) for intermittent and perennial sections of the river.



Fig. 3. Fuzzy ordination of mussel assemblage structure by stream position (RKM). Pie charts (bottom) showing prevalence (%) of select mussel species by
intermittent vs. perennial reach.
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Canal), San Saba (08146000), Colorado (08147000), and Mason (08150700) gauges. In contrast, reversals significantly
decreased after 1999 at the Brady (08145000) and Llano (08151500) gauges (Table 3; Fig. 5). The 7-day minimum, the
smallest values of mean discharge computed over any 7-consecutive days during a given annual period, showed a significant
increase at the Menard gauge, but decreased at the Colorado, Mason, and Llano gauges (Table 3; Fig. 5). At the Brady and San
Saba gauges, there was no significant change in the 7-day minimum (Table 3; Fig. 5). However, at the Brady gauge the 7-day
minimum was 0 m3/s for both pre- and post periods indicating this system is prone to intermittency, irrespective of water
use. At the San Saba gauge, years after 1999 had a lower average 7-dayminimum (Table 3; Fig. 5). Overlaying the results of our
GAM for both hydrologic indices on periods of drought shows that annual variability in the number of reversals per year
generally increased; whereas, variability around the 7-day minimum generally decreased (Fig. 5). Finally, mean monthly
discharge before and after 1999, especially during periods of agricultural irrigation, differed at the Menard, San Saba, and
Colorado gauges (Fig. 6). At the Brady, Mason, and Llano gauges, mean monthly discharge was generally the same, except for
several months in the spring and summer in years after 1999; discharge during these months was lower than those prior to
1999 (Fig. 6).

3.4. Comparison of habitat selectivity by mussels between perennial and intermittent reaches

Habitat selectivity criteria indicate that mussel species were using different mesohabitat types and that habitat use varied
between the intermittent vs. perennial reaches (Fig. 7). The Strauss criterion for the perennial reach indicated that C. petrina
and T. macrodon were primarily associated with riffles and runs, A. plicata and L. fragilis occurred in runs (though the latter
species also preferred pools), and C. houstonensis and T. verrucosa preferred pools. For the intermittent reach, only L. bracteata
and U. imbecillis had a sufficient sample size to calculate habitat selectivity criteria. For these species, we found that L.
bracteata was associated with runs and U. imbecillis preferred pools (Fig. 4).

4. Discussion

4.1. Summary of findings

It is a commonly held belief that mussels in Texas have experienced significant population declines (Burlakova et al., 2011;
Howells, 1996, 1997), mirroring widespread losses seen in other regions of the United States (Williams et al., 1993) and that
the severity of such declines has left some rivers nearly devoid of freshwater mussels. The results of this survey, along with
others in recent years (e.g., Randklev et al., 2012, 2013b; Tsakiris and Randklev, 2016; Randklev et al., 2018), show that many



Fig. 4. Map of prevalence by HUC10 for select species. Black circles denote sample sites. MIC indicates the Menard Irrigation Canal. Blue diamonds denote the
location of shallow alluvial wells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Generalized additive modeling results relating the number of reversals (mean number of times inwhich flow switched from a rising period to a falling period
or from a falling period to a rising period) and 7-day minimum (annual minimum 7-day mean discharge) over time (year). Bolded p-values indicate sig-
nificant relationships.

Station/gauge# Duration Indices Adjusted r2 Deviance explained Estimated df F-value p-value

Brady (08145000) 1939e1985; 2001e2018 Reversals 0.33 37.9 4.7 5.46 <0.001
Brady (08145000) 1939e1985; 2001e2018 7-day minimum 0.00 2.37 1.0 1.53 0.221
Menard (08144500) 1915e1992; 1999e2018 Reversals 0.20 22.6 2.7 7.77 <0.001
Menard (08144500) 1915e1992; 1999e2018 7-day minimum 0.14 17.0 3.8 3.23 0.011
San Saba (08146000) 1915e1992; 1999e2018 Reversals 0.17 20.2 4.1 3.75 0.004
San Saba (08146000) 1915e1992; 1999e2018 7-day minimum 0.02 2.61 1.0 2.58 0.112
Colorado (08147000) 1915e1992; 1999e2018 Reversals 0.13 13.7 1.0 15.17 <0.0001
Colorado (08147000) 1915e1992; 1999e2018 7-day minimum 0.03 4.06 1.0 4.06 0.047
Mason (08150700) 1968e1992; 1999e2018 Reversals 0.17 18.9 1.0 10.03 0.003
Mason (08150700) 1968e1992; 1999e2018 7-day minimum 0.17 21.0 2.3 3.42 0.029
Llano (08151500) 1939e1992; 1999e2018 Reversals 0.33 37.4 4.8 5.89 <0.0001
Llano (08151500) 1939e1992; 1999e2018 7-day minimum 0.21 24.9 3.6 4.46 <0.0001
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Fig. 5. Map of the study area showing the number of reversals per year and the 7-day minimum (m3/s) for select USGS gauging stations (see Table 3) located on
the San Saba, Llano and Colorado rivers and Brady Creek. Specific gauging stations are denoted by blue triangles and nearby cites, for reference, by red pentagons.
Scatter plots for each station show the results of general additive models relating reversals or the 7-day minimum (m3/s) by time (years). Light grey circles denote
estimates prior to 1999 and dark grey triangles denote estimates after 1999. The latter period corresponds to when landowners began observing intermittent
river conditions downstream of Menard, TX. Grey shaded polygons denote 95% confidence intervals and red, transparent, polygons denote major drought periods
and their duration. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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rivers within the state continue to harbor viable mussel populations. However, these same surveys also show that many
species, particularly Texas endemics, have experienced significant population declines (e.g., Burlakova et al., 2011; Randklev
et al., 2013a,b; 2018).

Within the San Saba River, withdrawals of groundwater and surface water resources, along with unpermitted diversions to
support agricultural crops and pecan orchards appear to be responsible for the dewatering in the upstream reaches (TCEQ,
2011, 2013; 2015a; b). The results of this study show that these dewatering activities have likely impacted the mussel
fauna, as die-offs have already been observed (TPWD, 2015). The results of our study also reveal significant differences in
mussel species richness, abundance, and community composition between perennial and intermittent sections (i.e., those
impacted by dewatering) of the river. For example, within the perennial section, the mussel fauna consisted of high numbers
of riffle “specialist” species, such as F. mitchelli, C. petrina and T. macrodon, and common species that typically inhabit stable
habitats, such as A. plicata, C. tampicoensis, Q. apiculata, and T. verrucosa (Haag, 2012). In contrast, the fauna within the
intermittent reach was dominated by U. imbecillis, a short-lived species that is known to quickly recolonize areas following
disturbances (Williams et al., 2008). This species accounted for 47% of all live mussels found in the intermittent section.
Moreover, if we remove the 55 L. bracteata that were collected at Sites 32 and 33, which remain perennial due to the presence
of a road crossing that serves as a low-head dam, the percentage of U. imbecillis increases to 67% of all mussels found in the
intermittent section.

Our analysis of gauge data further demonstrates that recent dewatering of parts of the San Saba are likely the result of
intensive water use near Menard, TX. We found that the 7-day minimum at the Menard gauge increased in years after 1999,
which is in stark contrast to all other gauges evaluated. Also, we found that the magnitude and rate of increase in the annual
number of reversals was greater at theMenard gauge compared to all other gauges examined. Thus, these results suggest that
ground water pumping combined with surface water diversions have resulted in a flow regime characterized by dramatic
increases and/or decreases in flow. These changes, in turn, have likely led to dewatering in reaches downstream of Menard



Fig. 6. Map of the study area showing mean monthly discharge for select USGS gauge stations (see Table 3) on the San Saba, Llano and Colorado rivers and Brady
Creek. Grey shaded bars denote mean discharge estimates prior to 1999 and white shaded bars denote mean discharge estimates after 1999. The latter period
corresponds to when landowners began observing intermittent river conditions downstream of Menard, TX. Error bars correspond to ±1 standard error.
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that would otherwise be perennial, as indicated by recent mussel die-offs and changes in mussel community structure. Our
results for the San Saba and Colorado gauges indicate changes near Menard may also be impacting perennial reaches.
Discharge at the San Saba gauge is now more variable and reduced during periods of low flow than in the past. For the
Colorado gauge, located downstream of the confluence with the San Saba River, changes in both the number of reversals per
year and the 7-day minimum mirror those seen at the San Saba gauge, which presumably could be the result of diminished
flows throughout the San Saba River. Finally, for theMason and Llano gauges, changes in flow, at least for the 7-dayminimum,
appear to be more severe in years after 1999 and coincide with periods of drought. The exact cause of this change is unknown
but intensive water use practices, like those occurring near Menard, could amplify low flow conditions in the Llano River,
resulting in persistent stream dewatering.

Habitat selectivity for mussels between the two reaches also differed and likely underscores the effect of intermittent vs.
perennial flow. We found that within the intermittent reach, mussels were most prevalent in pools or deep runs compared to
the perennial reach, where mussels occupied both deep water habitats and shallow water habitats such as riffles. In general,
riffles are high points of topography along the streambed and, as a consequence, dewater first during low flow events. Thus,
the absence of riffle specialists such as C. petrina, F. mitchelli, and T. macrodon from the intermittent reach is not surprising.
Vaughn et al. (2015) made similar observations during a meta-analysis of mussel densities in the Kiamichi River in Oklahoma
over a 20-year period, which included two droughts. Specifically, the authors of that study found that riffles were more prone
to drying than pools resulting in significant differences in densities between the two habitat types; pools had 12 times higher
densities than riffles, which presumably resulted in changes in species composition. Vaughn et al. (2015) hypothesized that
for deeper water habitats such as pools, the increased water depth provided thermal buffering to mitigate high water
temperatures and low dissolved oxygen. In our study, pools and deep runs within the intermittent reach may also provide
refuge by mitigating thermal stress and predation. However, such benefits are probably short-term due to the fact that
dewatering in the San Saba can be long-lasting, which presumably would lead to onset of reduced water quality and sub-
sequently mussel losses. It is likely such losses due to reduced water quality are species specific because mussel sensitivity to
water temperature and waterborne contaminants can vary widely across species (Wang et al., 2007, Gillis, 2011). This may
explain why species that occupy pools and deeps runs in the perennial reach (e.g., C. houstonensis and T. verrucosa) are absent



Fig. 7. Habitat suitability by species by mesohabitat type between intermittent and perennial reaches.
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or in low numbers within the intermittent reach. Similar observations regarding the differential effect droughts and dew-
atering can have across mussel species have beenmade in other parts of the United States (Golladay et al., 2004; Vaughn et al.,
2015).
4.2. Water law and conservation implications

The dewatering of the San Saba River and subsequent shifts in mussel fauna highlight the need for decision-makers,
natural resources managers, and conservationists to examine the adequacy of current water law and regulatory mecha-
nisms in Texas for the purpose of protecting instream flows for both humans and wildlife. In Texas, groundwater is governed
by “the rule of capture,” meaning landowners have the right to pump and capture whatever water is available, regardless of
the negative effects groundwater extraction may have on interconnected water, springs, or groundwater flows to streams,
although there are some exceptions (Kaiser, 2005). On the other hand, surface water is regulated by two doctrines: the ri-
parian and prior appropriation doctrines. The riparian doctrine establishes that water rights are controlled by land ownership,
while the prior appropriation doctrine assumes first in time, first in right. Both doctrines were merged in 1967 so that
landowners claiming water rights had to apply for a permit from the Texas Commission of Environmental Quality (Kaiser,
2005). However, neither groundwater law nor surface water law in Texas recognizes the connection between the two,
which causes difficulties inmanaging flowswithin rivers such as the San Saba. In general, surfacewater rights are managed to
prioritize who gets water, with domestic and livestock users and senior water right holders having priority, but with water to
sustain natural resources not taken into account for the vast majority of permitted water rights. Thus, current state law
provides few assurances or regulatorymechanisms to prevent stream dewatering caused by droughts, which occur frequently
in central Texas (Fig. 5), and excessive groundwater extraction or combination of both. From a conservation perspective, this
relative lack of control over groundwater and to a lesser extent surface-water means that for species such as F. mitchelli and L.
bracteata, which mainly occur in streams such as the San Saba that rely on spring inflow (Randklev et al., 2017), existing
populations are or likely will be imperiled as human demand for water continues to increase.

Despite these challenges, there are several promising tools that may help protect mussels and other aquatic biota within
rivers such as the San Saba. The first is the concept of environmental flow standards or restrictions onwater right withdrawals
or diversions. In Texas, a process was set forth by Senate Bill 3 in 2007, for the development of flow standards that support a
sound ecological environment by addressing water quantity and, to a lesser extent, quality issues. This process, also informed
by technical guidance from the Texas Instream Flow Program prescribes four environmental flow components, namely,
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subsistence flow, base flow, high flow pulses and overbank flows (Opdyke et al., 2014), that together provide protections for
many aspects of ecological flow regimes. While flow standards were adopted for the United States Geological Survey (USGS)
gauge 08147000, Colorado River near San Saba and other tributaries of the Colorado River mainstem, the flow standards are
only applied to newwater right permit applications and do not affect water rights permitted prior to the environmental flow
standards becoming rule. This essentially leaves the largest volume of water in the San Saba River with little to no flow
protection. Thus, future environmental flow efforts within the state should consider developing flow standards at other USGS
gauge in the upper San Saba river basin. Once specific thresholds have been identified, managers could then adopt a water
management program specific to the river system in question. Regardless of whether mussel-flow targets are identified,
managers should be precautionary by matching the pattern of water demand to that of supply; this is often termed the
“Simple Formula” (sensu Arthington and Balcombe, 2011). For the San Saba River and other tributaries in the Colorado basin,
this approach would mean protecting the hydrologic regime, including alluvial aquifer underflows (i.e., groundwater that
moves in the same direction as the river but at a much slower rate due to the fact that it has to pass through alluvial deposits),
from excessive extraction during periods of low flow and limiting extraction to certain conservative threshold flows during
normal base flows.

A second yet more controversial option would be the appointment of a watermaster to monitor stream flows and water
use in the San Saba and, if needed, issue fines and curtail and/or suspend surface and groundwater use. In general, a
watermaster program is established either by the legislature, litigation, or TCEQ and is funded by fees collected from all water
rights holders within the watermaster's jurisdiction. Typically, watermasters only focus on compliance with surface water
rights pertaining to issues related to human needs and senior water right holders by monitoring stream flows, reservoir
levels, and water use. In the case of the San Saba, flow thresholds identified through environmental flow studies of the San
Saba River could be used to identify management targets, which could be used by a watermaster in this basin to reconcile
human and aquatic ecosystem needs, especially during times of water shortage; which would require redefining the role
watermasters play in the state. However, this is not without precedence as the Brazos River, located just east of the San Saba
River, has awatermaster whosewater-right management is based on “run of the river rights,”whereby diversions and surface
water pumping is allocated based on its availability, and in cases when streamflows diminish, the watermaster can notify
users to reduce or stop pumping and then allocate water based on a users priority date (TCEQ, 2018). To date, conservation
groups and landowners affected by intermittent flows in the San Saba River have petitioned for the appointment of a
watermaster (this was proposed following the drought of 2011e2013), but the Texas Commission on Environmental Quality
has yet to appoint one.

A third option could focus on flow restoration and groundwater management. Specifically, transaction-based flow
restoration strategies whereby water rights are purchased or leased to protect stream flows could be well suited to the San
Saba (Kendy et al., 2018). Groundwater management may also help with mitigating impacts resulting from over pumping. For
example, drought management tools such as using spring or river flow targets, perhaps as identified through the environ-
mental flow process, could serve as triggers for reductions in groundwater pumping (EARIP, 2012). A similar strategy is being
explored for Popenaias popeii (Texas Hornshell), in the Black River of New Mexico, where groundwater pumping has been
implicated in declining baseflows for that river (Inoue et al., 2014).

Finally, in addition to our recommendations for deescalating the conflict between human and mussel needs, additional
opportunities remain to better understand and protect remaining mussel populations within the San Saba River. First, there
are segments of the San Saba and its tributaries that have yet to be formally surveyed. Managers should target these areas
using a sampling design such as the one presented in this study but incorporating measures that explicitly consider
incomplete detection (see Randklev et al., 2018). Second, long-termmonitoring sites (e.g., Wisniewski et al., 2013; Inoue et al.,
2014) should be established to better understand how changes in flow and climate impact population endpoints such as
survival, growth, and reproduction. Ideally, these monitoring sites would be placed in stronghold populations that are
irreplaceable, which we define as 1) spatial units where the abundance of our focal species are high relative to other sampled
locations, and abundances of these species are sufficiently high enough to statistically detect changes in overall and relative
abundance, and where the species are likely self-sustaining as evidenced by the presence of recruiting juveniles and multiple
age-classes; and 2) habitat within those units that has a high potential to support individuals and is conducive for successful
reproduction. Third, life-history and ecological information for threatened species that occur in this river, such as C. hous-
tonensis, C. petrina, F. mitchelli and T. macrodon, are not well known (Randklev et al., 2017). Thus, future conservation efforts in
this basin should focus on early reproductive life-history (i.e., gametogenesis and brooding periods), host fish use, and genetic
diversity; this information can then be used in conjunctionwith data on population performance to fine-tune environmental
flow targets and predict how mussels may respond to future changes in flow and land use (Haag, 2012; Gates et al., 2015).

5. Conclusions

Our results indicate that the faunawithin the intermittent section of the San Saba differs from that in the perennial section,
which historically was not the case, as “riffle specialists” and common species that prefer stable habitats may have been
dominant as recently as the 1990s (Strecker, 1931; R. Howells, 1998). Thus, the change in faunawithin the intermittent section
may correspond to the environmental shift from perennial to intermittent flow. Based on our findings, the San Saba River
should serve as a cautionary tale for other regions and rivers (e.g., Rio Grande, TX e Randklev et al., 2018; Black River, NM e

Inoue et al., 2014; Kiamichi River, OKe Vaughn et al., 2015) where dewatering is now becoming an issue, even in regions with
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robust mussel populations. Within central Texas, most of the mussel diversity is now located in the lower reaches of large
rivers where flow remains generally consistent or within tributaries where it is maintained through groundwater contri-
butions (Randklev et al., 2017). For tributaries that rely on groundwater contributions, the long-term persistence of mussel
populations remains in question as climate change coupled with increases in human population growthwill likely exacerbate
low flow conditions and dewatering events in these systems. An example of this may have already occurred in the Llano River
(Figs. 5 and 6), another Colorado River tributary adjacent to the San Saba River, where the mussel fauna is now largely
restricted to a reach of river maintained by spring inflows (Randklev et al., 2017). Finally, current water policy and regulatory
tools to mitigate dewatering in the San Saba appear to be insufficient, which raises serious questions about how states like
Texas, located in arid and semi-arid regions, will be able to protect aquatic ecosystems under the specter of ever increasing
population growth and climate change.
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