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Abstract

Desert spring systems of the American southwest hold high local fish endemism
and are ranked among the most threatened ecosystems in the world. The prioritiza-
tion of conservation resources to protect species living within these arid landscapes
requires knowledge of species abundance and distribution. The plight of Conchos
pupfish (Cyprinodon eximius) is representative of freshwater fishes the world over,
including population extirpations caused by human poisoning of streams and reser-
voir construction, to the extent that the species was once considered extinct in the
USA. We developed a distance-sampling framework to monitor Conchos pupfish
abundance and coupled this approach with species distribution modeling to guide
conservation actions. Our multiscale approach included surveying abundances
within 5-m transects at three reaches of the Devils River, where the last known
USA populations persist. We combined this fine-scale analysis with species distri-
bution modeling for stream segments across the range of the species in Mexico
and USA. Modeling revealed Conchos pupfish abundance among transects was
negatively correlated with current velocity and detection was negatively correlated
with water depth. Estimated abundance at a reach where the species was previously
reintroduced was greater than other reaches combined in November 2019, lowest
in March 2021 when reach water levels were very low, then equivalent with other
reaches by October 2021 after water returned to the reach. Modeled Conchos pup-
fish distribution illustrated a high probability of occurrence on the periphery of the
species’ overall range within Texas, USA and broadly across Chihuahua, Mexico,
where proposed protected areas might benefit the species. Our study provides con-
servation guidance by establishing (1) baseline and trajectory values for abundance,
(2) transect locations where abundances might be managed within existing pro-
tected areas, (3) reaches where high abundances could be used for future repatria-
tion, and (4) stream segments where future surveys might be conducted to assess
conservation opportunities.

Introduction

Springs and groundwater-dependent ecosystems (GDEs;
Brown et al., 2011) are biodiversity hotspots (Cantonati
et al., 2012; Murphy et al., 2015) and rank among the most
threatened ecosystems (Shepard, 1993). These springs are of
disproportional ecological importance in comparison with
their size, supporting entire ecosystems throughout the
regions in which they flow (Hunter Jr et al., 2017). Desert
springs are generally the only year-round sources of water
for arid landscapes, resulting in isolated pockets of endemic

or relictual species reliant upon these rare water resources
(Davis, Kerezsy, & Nicol, 2017). Consequently, desert spring
systems frequently have some of the highest levels of local
endemism and are focal points for concerted efforts in con-
servation (Stevens & Meretsky, 2008). As concerns rise over
the need for efficient and adaptive conservation strategies for
these areas, desert springs and GDEs across the globe have
received increasing study in recent years (Davis, Kerezsy, &
Nicol, 2017; Propst et al., 2020).

Broader application of multiscale perspectives might be an
efficient way to conserve biodiversity within desert springs
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and GDEs. The management of imperiled species tradition-
ally assumed abundance and persistence of populations were
primarily regulated by local, fine-scale environmental factors
that define microhabitats. However, processes operating at
stream reach (102 m), segment (103 m), and basin (104–5 m)
scales can strongly influence local populations (Fausch
et al., 2002). Consequently, multiscale assessments that con-
sider the hierarchical structure of riverscapes are increasingly
regarded as appropriate for assessing and applying conserva-
tion practices (Wiens, 2002). Torgersen et al. (2022)
reviewed the application of multiscale perspectives in rivers
over the past 2 decades and concluded that such perspectives
will ultimately advance implementation of conservation, res-
toration, and monitoring programs for imperiled aquatic spe-
cies. Effective management strategies require well-understood
baseline conditions (Parker et al., 2021), the setting of a
timeline for adaptive management plans (Sophocleous, 2002),
use of predictive modeling (Sala et al., 2000), and establish-
ment of a well-designed monitoring system with threshold
conditions that trigger alternative management actions (Glee-
son et al., 2012). These conservation aspects are not widely
established among fish populations in arid freshwater ecosys-
tems (e.g. Perkin, Trioa, & Acre, 2021). Integration of these
concepts within a multiscale perspective might be a tenable
way of advancing the battle against extinction in GDEs in
the American Southwest (Propst et al., 2020).

Desert pupfishes (family Cyprinodontidae) provide an
excellent case study for applying riverscape ecology princi-
ples to promote and inform conservation of imperiled fishes.
For example, among the 48 Chihuahuan Desert fishes
reviewed by Perkin, Trioa, & Acre (2021), 46% were con-
sidered imperiled. Furthermore, of the 43 pupfish species
within the US, 93% occur within the arid American South-
west and 90% are considered imperiled (Jelks et al., 2008).
Pupfishes were once endemic to extensive pluvial lakes in
the now mostly desertified American Southwest, but evapora-
tion of these lakes resulted in fragmentation of species and
divergence of remnant populations in isolated spring systems
(Miller, 1981; Hoagstrom & Osborne, 2021). However,
desert pupfish are particularly sensitive to human alterations
of aquatic systems and have experienced rapid shrinking of
historical ranges and loss of suitable habitat (Burkhead, 2012;
Gonz�alez et al., 2020). As awareness of ecological impor-
tance and efforts to protect areas inhabited by these species
rise, so do calls for long-term studies to better understand
ecological drivers regulating their survival (Propst
et al., 2020). A critical first step in conservation is the delin-
eation of crucial habitats across multiple scales of investiga-
tion (Arthington et al., 2016) as well as establishment of
effective monitoring techniques that can be used to guide
management actions (Radinger et al., 2019).

The plight of the Conchos pupfish (Cyprinodon eximius)
is representative of the genus Cyprinodon. The Conchos
pupfish is endemic to streams of the R�ıo Conchos and R�ıo
Sauz basins, Mexico and tributaries of the R�ıo Grande River
in the USA and Mexico (Echelle & Echelle, 1998). Popula-
tions inhabiting tributaries throughout R�ıo Grande are
thought to be subspecifically distinct groups, including

Alamito Creek (Texas, USA), R�ıo Alamo (Chihuahua, Mex-
ico), and the Devils River (Texas, USA) (Miller, 1976;
Miller, Minckley, & Norris, 2005; Hubbs, Edwards, & Gar-
rett, 2008). The population endemic to the Devils River has
declined because of anthropogenic changes. Piscicide treat-
ment timed with major flooding and drought in 1956–1957
caused Conchos pupfish extirpation near Dolan Creek, while
filling of Amistad Reservoir in 1969 inundated 21 km (77%)
of Conchos pupfish range in the lower Devils River
(Davis, 1980). For the next decade, Conchos pupfish was
considered extinct in the US until its rediscovery by
Davis (1980) in the vicinity of Pafford Crossing on the
Devils River near the head of Amistad Reservoir. Shortly
after the rediscovery, 200 individuals obtained from Pafford
Crossing were moved to Dolan Creek to reestablish the pop-
ulation at that location (Hubbs & Garrett, 1990). The reintro-
duced population has persisted in Dolan Creek and spread to
the adjacent Devils River (e.g. Cantu & Winemiller, 1997),
though quantitative estimates of population size have never
been recorded. Despite this success, Conchos pupfish popula-
tions within the US are considered threatened with extinction
(Birdsong et al., 2020; Perkin, Trioa, & Acre, 2021). Though
Conchos pupfish was historically present in Alamito Creek
and Tornillo Creek in the USA, recent attempts to collect the
species from those streams have not been successful (Taylor
et al., 2019). Consequently, the Devils River represents the
last stronghold for Conchos pupfish in the USA.

The purpose of this study was to apply a multiscale per-
spective to facilitate and inform conservation efforts for Con-
chos pupfish. The prioritization of conservation resources to
protect species in need of conservation can be informed
through abundance modeling (Johnston et al., 2015), and
distance sampling is among the most reliable methods for
obtaining abundance estimates (Cassey & McArdle, 1999).
Our first objective was to develop a distance-based abun-
dance model to assess Conchos pupfish population size
across multiple spatial scales. We counted pupfish along tran-
sects distributed throughout three reaches of stream nested
within three stream segments of the lower Devils River sub-
basin. Our second objective was to use modeled abundances
to assess environmental correlates of Conchos pupfish abun-
dance within transects. This objective was aimed at under-
standing the role of environmental heterogeneity in
determining patterns in Conchos pupfish abundance (Palmer
& Poff, 1997). Our third objective was to generate a species
distribution model using archived biodiversity data coupled
with remotely sensed environmental data to provide insight
into segment-level occurrence of Conchos pupfish throughout
river basins across the range of the species. This objective
was aimed at providing guidance for future surveys of Con-
chos pupfish at previously unsampled locations. We hypothe-
sized that Conchos pupfish abundance would be highest
along shallow limestone shelves where low velocity and high
flocculent coverage were present, as predicted by previous
fish assemblage-level analysis (Cantu & Winemiller, 1997).
Opportunistic life history strategists, such as pupfishes,
exhibit early maturation, extended spawning season, and high
intrinsic rate of increase following environmental
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disturbances such as highly variable flows (Winemiller &
Rose, 1992). Thus, we also hypothesized that Conchos pup-
fish abundance variation would be highest among reaches
where seasonal changes in hydrology were greatest.

Materials and methods

Study area

The Devils River is a clear, spring-fed system located in the
Edwards Plateau physiographic province in southwestern
Texas, USA near the border with Coahuila, Mexico. The
Devils River watershed receives 20 mm of rainfall per year
on average, and annual air temperatures range from 7 to 37°C
(Green et al., 2019). The Devils River flows through Val
Verde County, TX, USA where human population density is
5.7 people per km2 and land cover consists largely of forage
crop farms for livestock production (USDA, 2019). The river
flows over an arid upland of Salmon Peak and Devils River
limestone bedrock formations and flows southerly into the R�ıo
Grande, where the confluence is now inundated by Amistad
Reservoir. The well-buffered water in the Devils River allows
for the formation of limestone flocculent derived from
dissolution of minerals in the carbonate bedrock (Mast &
Turk, 1999), an important ecological feature for some aquatic
species (Minckley & Arnold, 1969). The Devils River basin
has infrequent flash floods which scour the riverbed and create
pockets in the limestone shelves that are on the periphery of
the mainstem channel (Mast & Turk, 1999). While Conchos
pupfish were once prolific throughout this approximately 90
km region of the Devils River before the filling of Amistad
Reservoir, we focused on three reaches of the Devils River
where known populations of Conchos pupfish still persist
(Fig. 1a). The reaches included Dolan Creek (DC) upstream
of its confluence with the Devils River (Fig. 1b), Dolan Falls
(DF) on the mainstem Devils River just downstream of the
confluence with Dolan Creek but just upstream of a large
waterfall feature (Fig. 1c), and Pafford Crossing (PC) on the
mainstem Devils River near a weir dam spanning most of the
channel (Fig. 1d). Each of these sites feature large, shallow
limestone shelves along the periphery of the main channel
and serve as critical habitat for Conchos pupfish due to veloc-
ity refuge, predator evasion, and food and nursery resources.
Thus, we targeted these areas within our surveys. We also
note that each of these sites remain relatively isolated from
one another. The deep, high-velocity mainstem Devils River
separates Dolan Creek from the limestone shelf that perches
just above the falls, while Pafford Crossing remains spatially
isolated from the natural barrier of the falls with nearly 28
km of river between them.

Field data collection

Conchos pupfish count data were collected during three sur-
vey periods, including November 2019, March 2021, and
October 2021. No data were collected during 2020 due to
the global COVID-19 pandemic. These survey periods were
initially designed to cover fall (September–November) and

spring (March–May) seasons when pupfish populations are
known to fluctuate due to recruitment and senescence (Acre,
Perkin, & Bean, 2021). During each of the three occasions,
we visited each of the three reaches and surveyed 27 tran-
sects at each reach (total of 81 transects across reaches for
each season). We laid the initial transect at the same location
at each reach for each season and then measured 5 m to the
next transect, continuing the 5 m interval until 27 transects
were established along the shallow shelf at the edge of the
bank where pupfish are most conspicuous. We posit that the
limestone shelf is important for predator evasion, spawning,
and nursery habitat. At times throughout the year, this pre-
ferred habitat will dry with low flows within the channel and
limited spring seep. Transect locations at DC required large
gaps between transects when water levels on the bedrock
shelf were low to avoid transects from being laid on dry ter-
rain. We oriented each 5 m long transect perpendicular to
the bank and marked the beginning and end with flags.
Observers then walked a transect between the two flags
while holding a 2 m polyvinyl chloride (PVC) rod delineated
every 0.10 m with tick marks. All surveys were conducted
at night with use of a headlamp (Black Diamond Storm-350)
because fish were commonly observed unburied during
nighttime hours and could be easily distinguished from other
fishes present (e.g. Gambusia sp.). The observer walked the
transect slowly and verbally communicated to a data recorder
the distance to each Conchos pupfish observed within
0.10 m bins on either side of the transect without distin-
guishing observations on the left versus right side of the
transect. This sampling method is appropriate based on
known, although limited, knowledge of Conchos pupfish
ecology and given the nature of the habitats surveyed. The
reproductive and movement ecology of Conchos pupfish are
not studied, meaning territory size and dispersal information
are lacking (Garrett, Hubbs, & Edwards, 2005). However,
the species is known to inhabit isolated pockets of shallow
habitat year-round (Cantu & Winemiller, 1997) which limited
dispersal capability during surveys (Fig. 2).

We collected three covariates for each transect to assess
relationships between environmental conditions, and pupfish
abundance and detection (i.e. the ability of the observer to
see a pupfish when present). The area of each transect sur-
veyed was 5 m long by 2 m wide, yielding 10 m2. Within
this area, we visually estimated the per cent (%) of the area
covered by flocculent, defined as the fluffy substrate formed
when dissolved minerals in the carbonate bedrock precipitate
out of the water column (shown in Figure S1). We measured
maximum water velocity (m/s) at the fastest point along the
transect using an acoustic Doppler velocimeter (SonTek
FlowTracker2, Xylem Inc., Washington, D.C.) placed in the
water where current was visible. Finally, we measured maxi-
mum water depth (m) using a topset wading rod placed at
the location of the greatest water depth within the transect.

Distance modeling

To assess the first objective of developing a distance-based
abundance model to assess Conchos pupfish population size

540 Animal Conservation 27 (2024) 538–553 ª 2024 The Authors. Animal Conservation published by John Wiley & Sons Ltd

on behalf of Zoological Society of London.

Multiscale ecology of imperiled Conchos pupfish L. C. Elkins et al.

 14691795, 2024, 4, D
ow

nloaded from
 https://zslpublications.onlinelibrary.w

iley.com
/doi/10.1111/acv.12930 by T

E
X

A
S A

 M
 U

N
IV

E
R

SIT
Y

, W
iley O

nline L
ibrary on [08/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



across multiple spatial scales, we estimated population den-
sity for Conchos pupfish using hierarchical distance-sampling
models. Distance sampling is a technique that allows the
estimation of animal abundance and distribution through line
or point transect surveys while accounting for imperfect
detection (Buckland et al., 2001). Imperfect detection

describes the phenomenon of not observing all individuals
present in a survey area, and detection generally declines
with distance from the centerline of a transect or the center
of a survey point. Therefore, lines or points are visually sur-
veyed, and the observer records the distance to individual
animals that are detected. Imperfect detection can then be

Figure 1 Devils River and associated sampling regions in west Texas (a); Dolan Creek (DC) approximately 0.9 km upstream the confluence

with the Devils River (b), Dolan Falls (DF) approximately 0.09 km downstream the confluence with Dolan Creek (c), and Pafford Crossing

(PC) approximately 27 km downstream from Dolan Falls (d). The red lines indicate the locations of the 81 total transects (27 at each of the

three survey locations) where Conchos pupfish (Cyprinodon eximius) abundance was surveyed.
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Figure 2 Expected abundances (a–c) and detection probabilities (d–f) as a function of covariates for hierarchical distance-sampling models

fitted to predict Conchos pupfish (Cyprinodon eximius) abundance at three locations in the Devils River Basin, Texas, US. Abundance was

(a) negatively correlated with water velocity across seasons, (b) negatively correlated with depth except for the March 2021 surveys, and

positively correlated with flocculent coverage except for the October 2021 surveys. Detection was negatively correlated with distance,

though the rate of decay in detection was (d) slower in deep water for November 2019 and faster in deep water for (e) March 2021 and (f)

October 2021. Water depths are shown for 0.25, 0.50, and 0.75 quartiles.
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estimated based on the distance–decay function to fit the
relationship between distance and number of organisms
observed (Buckland et al., 2001), and the rate of decay can
be modeled as a function of other covariates measured for
each transect (Sillett et al., 2012). Finally, abundance of
organisms across transects can then be modeled directly as a
function of transect-level covariates. We elected to model
seasons independently because of temporal variability in cov-
ariates (Sillett et al., 2012). While distance sampling has
become a reliable method for obtaining abundance and distri-
bution for a wide range of animals (Cassey & McAr-
dle, 1999; Thompson, 2002), it is rarely used for freshwater
environments and requires methodological assumptions.
Assumptions outlined by Buckland et al. (2001) include: (1)
individuals directly on the line or point are detected with
certainty, (2) individuals are detected at their initial location,
prior to any movement in response to the observer, (3) indi-
viduals are distributed homogeneously within the sampled
area, and (4) individuals are correctly counted in the proper
distance category. Environmental conditions of Devils River
habitat are particularly amenable to applying distance sam-
pling techniques to fishes such as the Conchos pupfish. At
night, Conchos pupfish, like cyprinodontids in general
(Echelle & Echelle, 2020), are relatively inactive and tend to
rest motionless on the bottom (Figure S1), greatly facilitating
estimates of position in the transects. Additionally, the clear
and shallow water allowed for easy detection of fish along
the transect, while use of the metered rod ensured precise
distance measurements. We would also like to note that our
modeling uses this nighttime resting distribution. While day-
time behaviors (i.e. male territoriality, foraging, and school-
ing) might influence micro-distribution, we posit overall
distribution is not affected other than greater activity making
individuals more difficult to enumerate during the day.

We estimated transect-level abundance of Conchos pupfish
while accounting for imperfect detection using the models
and code provided by Sillett et al. (2012) to assess our sec-
ond study objective. Sillett et al. (2012) extended the hierar-
chical distance-based sampling models of Royle, Dawson, &
Bates (2004) to include environmental covariates for both
abundance and detection processes. We employed a negative-
binomial error distribution for the abundance process and a
negative exponential decay for the detection function and
linked environmental covariates to each using a log link
function in the ‘gdistsamp’ function from the ‘unmarked’
package in R (Fiske & Chandler, 2011; version 1.2.5). We
binned the distances to each fish observed using 0.1 m bins.
We considered a null model without the negative binomial
distribution and then a maximum additive model and all pos-
sible subsets with three covariates for abundance, including
water depth, water velocity, and per cent coverage of floccu-
lent (including null models without covariates). Because each
of these parameters could also influence detection of pupfish,
we fitted competing models with each variable as a single
covariate for detection (including a null model without a
covariate). Fitting all possible additive combinations of three
abundance covariates (n = 8 possibilities) combined with sin-
gular detection covariates (n = 4 possibilities), plus the null

without the negative binomial distribution, resulted in 33
total models fit during each season. We evaluated models
using Akaike’s information criteria (AIC) to identify models
with the greatest support separately for November 2019,
March 2021, and October 2021, and we considered models
to be competing if ΔAIC was <4. We used parametric boot-
strapping to assess the goodness-of-fit for the best model for
each season using 200 simulated datasets and the Freeman–
Tukey fit statistic as described by Sillett et al. (2012). Based
on this statistic, a model represents a reasonable fit if the
observed value is not an extreme value within the reference
distribution (i.e. P > 0.05). Finally, we used the selected
model structure to estimate the total number of pupfish
within the surveyed region, at each survey site, and among
each of the surveyed transects for each season.

Species distribution modeling

The third study objective was to model range-wide distribu-
tion of Conchos pupfish within interconfluence stream seg-
ments using archived biodiversity data and remotely sensed
riverscape data to create a species distribution model. We
downloaded records (n = 24 741) for all species of the
genus Cyprinodon from the Global Biodiversity Information
Facility (GBIF; GBIF, 2020). We then created a presence-
absence dataset in which absences were inferred from collec-
tions of congeners (i.e. any Cyprinodontid pupfish other than
Conchos pupfish that have similar environmental require-
ments) using the ‘target-group absence’ framework described
by Mateo et al. (2010). Distributional data focuses largely
on observations of the species and typically lacks informa-
tion regarding the places where the species is not present.
There are different approaches to producing SDMs, such as
target group-discriminative techniques that use pseudo-
absence, true absence, or background data; profile techniques
that use presence-only data (Mateo et al., 2010). In many
cases, SDMs that utilize profile techniques have lower per-
formance and accuracy, and the same data can produce dif-
ferent results between the two methods (Loiselle
et al., 2003). We constrained the use of distribution data to
post-1969 because that was the year that construction of
Amistad Reservoir inundated a large portion of Conchos
Pupfish range in the USA (Davis, 1980). We then used Arc-
GIS to snap presence/absence data to the nearest stream
reach edge within 600 m (Frimpong et al., 2005) using
stream locations from the HydroATLAS dataset (Linke
et al., 2019). The HydroATLAS database contains a suite of
281 stream reach variables covering six categories: (1)
hydrology, (2) physiography, (3) climate, (4) land cover and
land use, (5) soils and geology, and (6) anthropogenic influ-
ences (Table S1). We quantified the relationship between
HydroATLAS variables and Conchos pupfish presence/
absence data using a random forest (RF) model (Brei-
man, 2001). Prior to modeling, we addressed class imbalance
(i.e. absence records = 131; presence records = 31) using the
synthetic minority oversampling technique ‘SMOTE’ func-
tion from the ‘DMwR’ package (version 0.4.1) in R
(Torgo, 2011). The resulting SMOTE-adjusted dataset had an
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even number of presence (1) and absence (0) observations
(1 = 124, 0 = 124). We fit the RF model to the SMOTE-
adjusted data using the package ‘randomForest’ (version 4.7-
1) in R and 1200 trees (Breiman, 2001). We determined the
number of variables to try at each split using the ‘tuneRF’
function from the ‘rfUtilities’ package (version 2.1-5), which
resulted in using two variables at each split (Evans & Mur-
phy, 2019). We included the full suite of 281 variables from
HydroATLAS and did not remove collinear variables prior to
modeling given the exploratory nature of our study. We
assessed variable importance in the RF model using the
mean decrease in Gini metric (a measure of statistical disper-
sion) and created partial dependence plots for the top 10
most influential variables using the ‘rf.partial.prob’ function
from the ‘rfUtilities’ package. We assessed model perfor-
mance using the ‘train’ and ‘confusionMatrix’ functions
within the ‘caret’ package (version 6.0-91) in R (Kuhn, 2008)
and rf.crossValidation’ function from the ‘rfUtilities’ pack-
age. Finally, we projected model predictions for all intercon-
fluence stream segments throughout Conchos pupfish range
using ArcGIS (ESRI, 2021) to illustrate and identify loca-
tions where future sampling might be targeted among previ-
ously unsampled sites to search for Conchos pupfish.
Additional details for the distribution model consistent with
the Overview, Data, Model, Assessment, and Prediction pro-
tocol (ODMAP) framework described by Zurell et al. (2020)
are given in Appendix S1.

Results

Abundance estimates

The best-supported models for each season all included
depth as a covariate for detection and generally included
velocity, depth, and flocculent coverage as covariates for
abundance. Although multiple plausible best models (i.e.
ΔAIC < 4) occurred for each season, the model with all
three covariates for abundance and depth as a covariate for
detection was consistently among these (Tables S2 and S3)
and we elected to interpret this model across the three sea-
sons. The goodness of fit test based on the Tukey–Freeman
statistic had a bootstrapped P > 0.05 for November 2019
(P = 0.35), March 2021 (P = 0.39), and October 2021
(P = 0.56), indicating the models provided adequate fit to
the data for each season. Abundance declined with increas-
ing water velocity across all three seasons (Fig. 2a),
increased with depth for March 2021 but slightly declined
with depth in other seasons (Fig. 2b), and increased with
flocculant coverage during November 2019 and March 2021
but declined with flocculent coverage in October (Fig. 2c).
Though decline in detection probability with distance across
all seasons is a prerequisite of distance sampling, the rate of
decline was slower for deeper water in November 2019
(Fig. 2d) and faster for deeper water in March 2021
(Fig. 2e) and October 2021 (Fig. 2f). The total number of
estimated Conchos pupfish was 764 (95% CI: 524–1476)
during November 2019, 301 (198–776) during March 2021,

and 1386 (976–2365) during October 2021. Abundance was
most volatile across seasons at Dolan Creek and highest
across all sites during October 2021 (Table 1). Within sites,
the locations of transects with the highest abundances varied
through time at Dolan Creek and were consistently near the
falls at Dolan Falls and furthest from the water flowing
through the weir dam at Pafford’s Crossing (Fig. 3).

Species distribution model

The species distribution model used to summarize Conchos
pupfish distribution illustrated acceptable performance and
showed spatial hotspots in occurrence. Cross-validated model
performance metrics were all high and suggested minimal
error in the final model (Table S4). Climatic, landcover,
physiologic, geologic, anthropogenic, and hydrologic vari-
ables contributed to explaining spatial variation in Conchos
pupfish distribution (Figure S2). The top 10 variables
included climatic, land cover, and physiologic parameters
(Table 2). Partial dependency plots illustrated high probabil-
ity of occurrence among inter-confluence stream segments
with December precipitation <20 mm (Fig. 4a), climate
moisture index <�70 index units (Fig. 4b), herbaceous land-
cover >20% (Fig. 4c), terrain slope >50° (Fig. 4d), extent of
the freshwater ecoregions numeric IDs 132–138 and 161
(Fig. 4e; see Fig. 4 caption for details), December potential
evapotranspiration >65 mm (Fig. 4f), major freshwater habi-
tat numeric IDs 4–7 (Fig. 4g; see Fig. 4 caption), annual air
temperatures ranging 8–12°C (Fig. 4h), sparce herbaceous
land cover <20% (Fig. 4i), and potential evapotranspiration
>80 mm (Fig. 4j). When projected to geographic space, the
model illustrated highest probability of occurrence for Con-
chos pupfish in stream segments that flowed through the
upper R�ıo Conchos and R�ıo Florido, Mexico, as well as Ala-
mito Creek and the Devils River, USA (Fig. 5a). The pro-
jected range of Conchos pupfish from our model aligned
with the known distribution of the species. However,
although the model predicted Conchos pupfish in other areas
of the Devils River beyond the focal reaches of this study
(Fig. 5b), observations in those areas are very infrequent and
consist of only a few individuals.

Table 1 Abundance estimates and 95% CIs for Conchos pupfish

(Cyprinodon eximius) surveyed within the known range of the

species in Texas (i.e. the area of all three survey locations), at

Dolan Creek, Dolan Falls, and Pafford Crossing

Location

November

2019 March 2021 October 2021

Region 764 (524–1476) 301 (198–776) 1386 (976–2365)

Dolan Creek 423 (306–696) 38 (27–146) 441 (306–775)

Dolan Falls 108 (67–311) 103 (65–246) 508 (340–801)

Pafford’s

Crossing

233 (151–469) 160 (106–384) 437 (330–789)

Estimates are based on hierarchical distance-sampling models fit to

three seasons and parenthetical values represent 95% CIs.
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Discussion

Our study provides the first empirical estimates of abun-
dance for the Conchos pupfish, an imperiled species in
need of conservation. Conchos pupfish ranked as Endan-
gered by extinction in a recent meta-analysis of rankings,
in which the species was listed as Threatened by the
American Fisheries Society, Near Threatened by the Inter-
national Union for the Conservation of Nature, Vulnerable
by NatureServe, and yet not listed under the US Endan-
gered Species Act (Perkin, Trioa, & Acre, 2021). A neces-
sary step in combating extinction is the delineation of
crucial habitats (Arthington et al., 2016), and abundance
modeling as we applied here is a useful approach for link-
ing species with habitats to inform conservation (Johnston
et al., 2015). Previous qualitative and heuristic descriptions
of Conchos pupfish habitat suggested the species used
shallow, non-flowing habitats with flocculent deposition
(Minckley, Meffe, & Soltz, 1991; Cantu & Winemil-
ler, 1997). Model results supported our hypothesized habitat

associations based on these previous descriptions, but more
importantly provided quantitative relationships that might be
prescriptive for detection and habitat restoration initiatives
(e.g. Acre, Perkin, & Bean, 2021). Additionally, our models
revealed a temporal pattern in Conchos pupfish abundance
across seasons that ultimately supported our second hypoth-
esis positing greater population growth rate where hydro-
logic conditions are most variable (Winemiller &
Rose, 1992). In November 2019, the critical habitat along
the perched bedrock shelf in DC was inhabited by more
Conchos pupfish than DF and PC combined, but by March
of 2021 the shelf was largely dry, and few pupfish were
present. However, water and pupfish had returned to the re-
inundated shelf by October of 2021 to the extent that abun-
dances in DC-matched abundance at DF and PC. This find-
ing lends additional credence to the idea that prolonged
drought might have contributed to extirpation from DC in
the 1950s or 1960s (Davis, 1980). Taken together, our
results suggest the Conchos pupfish is capable of rapid
recolonization from adjunct habitats within close proximity

Figure 3 Estimated abundance of Conchos pupfish (Cyprinodon eximius) based on hierarchical distance sampling for each of the 27 tran-

sects at each reach (Dolan Falls, Dolan Creek, and Pafford Crossing) across three seasons in the Devils River Basin, Texas, USA.
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and population growth when conditions are appropriate and
sufficient water is available.

Temporal variation in Conchos pupfish abundance within
the Devils River suggests the distance-sampling method is
sensitive to population fluxes and is therefore a useful moni-
toring tool. Across the three sampling seasons, Conchos pup-
fish abundances either declined (DC) or remained relatively
consistent (DF, PC) between November 2019 and March
2021 surveys, followed by a general increase. These changes
were likely related to the annual life history of Conchos pup-
fish and extreme wintertime disturbance. The reproductive
season of Conchos pupfish has not been studied (Garrett,
Hubbs, & Edwards, 2005); however, congeners show
increases in population size between spring and fall because
of recruitment following the summer (May–June) spawning
season (Kennedy, 1977; Garrett, 1982; Acre, Perkin, &
Bean, 2021). We suspect larger population sizes during
November 2019 and October 2021 relative to March 2021
were related to the sampling occurring after the presence of
recruits in the population and prior to adult senescence dur-
ing the forthcoming winter. Lower population estimates dur-
ing March 2021 were also confounded by an extreme cold
disturbance during February 2021 (Doss-Gollin et al., 2021)
that could have increased natural background wintertime
mortality known to occur among pupfishes (Hausner
et al., 2014). During March 2021, water levels were low
across all sites (particularly DC) and most of the bedrock
expanses used by pupfish in other seasons were dry. At this
time, most pupfish were observed in deeper water nearer to
the main channels, and we suspect this was the reason for
the reversal of the negative correlation between abundance
and depth for March 2021 versus other seasons. Our moni-
toring method is also useful for assessing Conchos pupfish
abundance from a spatial perspective. Conchos pupfish abun-
dance was consistently greater at the downstream extent near

the falls at DF and the eastern-most shallow habitats away
from the weir dam at PC. These spatial gradients might be
useful for designating fine scale ‘no recreational use’ areas
to protect high abundances of pupfish if public use of state
natural areas increases in the future. Our combined spatial
and temporal perspective supports the assertion (Echelle &
Echelle, 2020) that pupfishes are hardy generalists adapted to
exploit marginal, relatively harsh habitats, which would
include the shallow, temporally variable bedrock habitats
occupied by Conchos pupfish. Our study was conducted
40 years after the 1979 reintroduction of ~200 Conchos pup-
fish obtained from PC and translocated to DC (Hubbs &
Garrett, 1990). Though we estimated abundances in the sur-
veyed area at DC during March 2021 to be lower than the
number translocated (i.e. 38), 9 months later in October
2021 the estimate increased by an order of magnitude (i.e.
441). Meanwhile, abundances at the source reach at PC
remained consistently high across the seasons we surveyed.
Based on these temporal fluctuations in abundance, we sug-
gest the distance-sampling framework we developed here is
an effective tool for documenting temporal fluctuations in
population size, a critical requirement for effective freshwater
fish monitoring programs (Radinger et al., 2019).

On a broader scale, our species-distribution model pro-
vides a comprehensive assessment of recent (i.e. post-1969)
Conchos pupfish distribution. The SDM illustrated high like-
lihood of occurrence among segments with dry wintertime
conditions and intermediate minimum air temperatures, and
these segments were concentrated in areas previously
described as Conchos pupfish range, including the R�ıo Con-
chos, R�ıo Sauz, and R�ıo Florido, Mexico as well as Alamito
Creek and the Devils River, USA (Minckley, Meffe, &
Soltz, 1991; Hubbs, Edwards, & Garrett, 2008). Despite his-
torical accounts of Conchos pupfish occurring in Alamito
and Tornillo creeks (Miller, 1981), apparent absence in these

Table 2 Variable code, description, and category of the top 10 variables with the largest decrease in Gini coefficient used to develop the

random forest model predicting Conchos pupfish (Cyprinodon eximius) distribution

Variable

category

Variable

code Variable description

Mean decrease

in gini value

Climate pre_mm_c12 Precipitation (in mm) for the month of December 5.72

Climate cmi_ix_c12 Climate Moisture Index for month of December (in index units) 5.67

Landcover glc_pc_u13 Herbaceous landcover class extent in total watershed upstream of pour point (as per cent cover) 4.84

Physiology slp_dg_cav Terrain slope (in degrees) 3.07

Landcover fec_cl_cmj Freshwater ecoregion class extent [in numeric IDs; Upper R�ıo Grande-Bravo (132), Pecos (133), R�ıo

Conchos (134), Lower R�ıo Grande-Bravo (135), Cuatro Ci�enegas (136), R�ıo Salado (137), R�ıo San

Juan (138), Guzman-Samalayuca (161)]

2.44

Climate pet_mm_c12 Potential evapotranspiration for month of December (in mm) 2.42

Landcover fmh_cl_cmj Major freshwater habitat types [in numeric IDs; xeric freshwater (4), temperate coastal rivers (5),

temperate upland rivers (6), and temperate floodplain rivers (7)]

2.37

Climate tmp_dc_cmn Annual minimum of air temperature (in °C *10) for the local catchment that drains directly into

the reach

2.24

Landcover glc_pc_u14 Sparce Herbaceous Shrub landcover class extent in total watershed upstream of pour point (as

per cent cover)

2.11

Climate pet_mm_c02 Potential evapotranspiration for month of February (in mm) 2.07

The higher the Gini value, the higher the importance of the variable in the model.
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creeks during recent surveys (Taylor et al., 2019) suggest
persistence only in the Devils River on the periphery of the
species’ range. Wilde & Platt (2011) noted the construction
of many dams used to divert water in Alamito Creek during
the 1880s. These changes, combined with continued draw-
down of the water table and prolonged depletion of above-
ground flows, may have caused the extirpation of Conchos
pupfish from the creek. The models developed here provide
a quantitative description of the fine-scale habitats that might
be the focus of searches for the species in Alamito Creek in
the future, or perhaps where repatriations might be most suc-
cessful. The rediscovery of Conchos pupfish by Davis (1980)
underscores the potential for unknown local populations, and
our broadscale modeling might be used to guide future sur-
veys for the species that could ultimately expand the known
range of Conchos pupfish. We found large numbers of pup-
fish occurred within the DC reach, where the species was
once extirpated and was subsequently repatriated (Hubbs &
Garrett, 1990). These findings support previous conclusions
that freshwater fish repatriation efforts can be successful
when causes for original extirpations are resolved prior to
reintroduction (Shute, Rakes, & Shute, 2005). Similar repatri-
ation might be possible for other areas of historical Conchos
pupfish range in the USA (e.g. Alamito Creek) but determin-
ing the original cause of extirpation and whether water
declines (e.g. Wilde & Platt, 2011) might prevent successful
repatriation requires further study. We point out that our
SDM used data ranging from 1969 to 2020, meaning

substantial environmental change might have occurred since
some of the occurrences of the species were documented.
This means that our species distribution model should be
interpreted only as a first step for potential future reintroduc-
tion plans and follow-up research prior to attempted reintro-
ductions should be conducted (Malone et al., 2018).

Conchos pupfish abundance and distribution information
presented here could be used to direct conservation action
opportunities related to preservation and restoration (Fig. 6).
At the transect scale, we documented strong spatial gradients
in Conchos pupfish abundance that demonstrated higher
abundance in low velocity, shallow areas with flocculent on
the substrate. The Dan A. Hughes Unit will soon be open to
the public and the fine-scale distribution data presented here
could be used to define designated pupfish zones where foot
traffic might be regulated or limited (e.g. ‘no use’ areas;
Fig. 6, Transect scale). The reaches we studied were hydro-
logically variable in that water levels expanded and con-
tracted along bedrock shelves, including Conchos pupfish
directly inhabiting spring outflows. Each reach we studied
was located within USA protected areas managed by State
and Federal government agencies as well as a non-
government organization. These protected areas facilitate
preservation of Conchos pupfish by regulating public access,
managing landcover development, and limiting water extrac-
tion within the managed areas (Perkin, Trioa, & Acre, 2021).
Management actions aimed at maintaining hydrologic con-
nectivity to bedrock expanses at DF and PC reaches would

Figure 4 Partial dependency plots for effects of top 10 variables on predicted probability of occurrence for Conchos pupfish (Cyprinodon exi-

mius) at three locations in the Devils River, Texas, USA, produced through species distribution modeling. Subpanels (a–j) illustrate the rela-

tionship between each variable and probability of occurrence. Numeric identification codes for Freshwater Ecoregions (e) are as follows:

Upper R�ıo Grande-Bravo (132), Pecos (133), R�ıo Conchos (134), Lower R�ıo Grande-Bravo (135), Cuatro Ci�enegas (136), R�ıo Salado (137), R�ıo

San Juan (138), Guzman-Samalayuca (161). Major Freshwater Habitat Types (g) are as follows: xeric freshwater (4), temperate coastal rivers

(5), temperate upland rivers (6), and temperate floodplain rivers (7). We also note that temperatures in subpanel H are multiplied by 10.
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benefit Conchos pupfish. For DC, it is likely necessary to
preserve hydrologic processes that maintain spring outflows
draining onto the bedrock shelf (Fig. 6, Reach scale). Our
work also has implications for areas outside of these pro-
tected areas. The species distribution model revealed other
segments within the Devils River where Conchos pupfish
might occur, particularly segments with arid wintertime con-
ditions, abundance herbaceous landcover, and along the
edges of temperate floodplain rivers. Although additional val-
idation efforts are needed to test model predictions at non-
surveyed locations, the map generated by our work might be
used to guide future surveys to identify either unknown
populations or locations where repatriation might be possible.

We found Conchos pupfish occurrence was higher where
herbaceous landcover was >25% of the watershed, but occur-
rence was consistently low when sparse herbaceous shrub
cover exceeded 20%. Preservation of herbaceous cover by
controlling encroachment of woody shrubs might be possible
through managing grazing as demonstrated in other regions
of the American southwest (Brunelle et al., 2014; Fig. 6,
Segment scale). Our model highlighted subbasins with high
likelihood of occurrence, including Alamito Creek in the
USA, a site of recorded occurrence, where the species was
not detected in a recent survey (Taylor et al., 2019), and the
Rio Conchos and Rio Florido in Mexico where status is
unknown. Texas Parks and Wildlife Department (TPWD)

Figure 5 Species distribution model for Conchos pupfish (Cyprinodon eximius) showing locations of high probability of occurrence (red) and

locations of low probability of occurrence (blue). The map illustrates the spatial extent of the R�ıo Grande Basin and shows the highest occur-

rence in the R�ıo Conchos of Mexico, the namesake river of the species. Locations within the US, occurrence is predicted in the Devils River

basin and Alamito Creek. The inset illustrates a close-up of the Devils River with the locations of Bakers Crossing (BC), Dolan Falls (DF), and

Pafford Crossing (PC) denoted. The gray polygon shows the native range of C. eximius based on data curated by the International Union of

the Conservation of Nature (IUCN; NatureServe and Lyons, 2019).
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biologists, including the three TPWD coauthors, have sys-
tematically and extensively surveyed Alamito Creek over the
last 15 years. Partnerships with private landowners facilitated
access by TPWD biologists to remote areas of the creek
through private lands; no Conchos pupfish have been col-
lected and large sections of the creek are now dry. Our
SDM could be used to guide decisions on where private land
groundwater conservation might be encouraged and where
more targeted sampling, such as nighttime distance-sampling,
might be used to assess Conchos pupfish occurrence and
abundance (Fig. 6, Subbasin scale). Finally, the SDM predic-
tions at the basin scale developed here could be used to
guide establishment of future protected areas. The projected
distribution of Conchos pupfish in Mexico overlapped with
only a single protected area with limited capacity to protect
aquatic species (i.e. Cumbres de Majalca National Park).
However, potential protected areas proposed by Moreno-
Contreras et al. (2017) included an area in the southcentral
region of Chihuahua, Mexico that could, if protected, cover
a large spatial extent of Conchos pupfish distribution in
Mexico and therefore provide enhanced preservation capacity
(Fig. 6, Basin scale).

Springs and groundwater-dependent ecosystems represent
globally distributed biodiversity hotspots that are threatened
by human domination of Earth’s aquatic ecosystems (Murphy
et al., 2015). Rising concern for the conservation of animals
inhabiting these ecosystems has spurred increasing interest in
conservation actions aimed at preserving existing conditions

or restoring conditions to their historical states (Davis, Ker-
ezsy, & Nicol, 2017). We present a framework for integrat-
ing research needs and conservation actions within a
multiscale perspective (Torgersen et al., 2022) and provide a
starting point for conserving the imperiled Conchos pupfish
in Texas. The TPWD, The Nature Conservancy, and other
conservation partners in the Devils River basin are working
with a multiscale perspective to integrate science and conser-
vation actions at multiple scales. Studies like this one are
assessing species-specific habitat utilization and distribution
patterns and will be used to inform the development of rec-
reational use at the state natural area. In December 2022,
TPWD partnered with the San Antonio Zoo to create a
secure, refuge population. Conchos pupfish produced at the
zoo will be used to repatriate habitats within its historic
range and management decisions will be based on best sci-
ence supported by this study. At a segment level, TPWD
biologists are providing land stewardship and management
technical guidance recommendations to private landowners to
restore and improve upland and riparian habitats which pro-
motes rainfall infiltration, healthy riparian buffers, and ulti-
mately supports river and spring baseflow. At a basin scale,
biologists are monitoring changes in aquatic communities,
developing hydrologic models, and trying to develop flow
ecology models to inform surface and groundwater manage-
ment at a regional level. The Nature Conservancy has also
been working at a basin scale to acquire large conservation
easements to conserve habitat and preclude the large-scale

Figure 6 Conceptual diagram illustrating multiple hierarchically structured spatial scales with Conchos pupfish (Cyprinodon eximius) associa-

tions inferred from this study and related conservation opportunities. Figure made with BioRender.com.
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conversion and loss of habitats to development and protect
hydrologic connectivity at a larger scale. Potential next steps
for Conchos pupfish to advance conservation goals in Texas
could include a genetics population structure study to further
assess movement (or lack thereof) between populations,
genetic diversity, more in-depth surveys throughout the basin
to locate potential repatriation locations, and understanding
hydrologic models and the persistence of habitats utilized by
the species.
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Supporting information

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Figure S1. Nighttime photographs of Conchos pupfish
(Cyprinodon eximius) illuminated by headlamp in shallow,
flocculant-covered habitat showing (a) a single fish in 4 cm
of water in which the camera lens was partially submerged
during the photograph such that the water surface is visible
at the top of the photograph, but the fish and its habitat are
visible in the center and (b) a party of three pupfish in 3 cm
of water also inhabited by a western mosquitofish (Gambusia
affinis; partially show on right) and tadpole stage of Rio
Grande leopard frog (Lithobates berlandieri; top right).

Table S1. Hydro-environmental sub-basin and river reach
variables used for processing the species distribution model
for the Conchos pupfish (Cyprinodon eximius).

Appendix S1. ODMAP protocol used to communicate
details of the species distribution model used to assess distri-
bution of Conchos pupfish following guidelines defined
within Zurell et al. (2020).
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Table S2. Akaike Information criterion (AIC) values for
models of Conchos pupfish (Cyprinodon eximius) abundance
(k), the shape parameter for a negative exponential detection
function (r), and dispersion of the negative binomial abun-
dance function (i.e., modelled as constant; a) for three sea-
sons (November 2019, March 2021, October 2021).

Table S3. Parameter estimates (standard errors in paren-
theses) from the model used to predict Conchos pupfish

(Cyprinodon eximius) abundance during three seasons.
Table S4. Conchos pupfish (Cyprinodon eximius) species

distribution model performance metrics based on five-fold
cross-validation of a random forest model.

Figure S2. Variable importance based on the mean decrease
in Gini coefficient for all 281 variables used to develop the
random forest species distribution model fit to binary occur-
rence data (see Table S1 for list of variables and descriptions).
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