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Abstract
Aim: To review the conservation status of Headwater catfish Ictalurus lupus
(Girard,1859) in the United States, including quantifying environmental correlates
with range contraction and hybridization and introgression with Channel catfish
Ictalurus punctatus (Rafinesque, 1818) to inform conservation prioritization.
Location: Texas and New Mexico, USA.
Methods: We used random forest models to construct species distribution models
(SDMs) based on historical (1980–1999) and contemporary (2000–2019) data and
13 classes of remotely sensed stream network data. We measured hybridization and
introgression with the widely introduced Channel catfish using external morphology,
mitochondrial DNA (mtDNA), and a nuclear gene (RAG2).
Results: Species distribution models illustrated temporal reduction in suitability
for Headwater catfish among the species’ namesake headwater streams, including
streams with steeper slopes, faster velocities, and higher elevations. Modelling also
revealed reduced suitability of larger streams greater distances from groundwater
springs, the same streams frequently occupied by non-native Channel catfish. A general pattern of increased use of streams draining watersheds with altered or developed land uses was apparent. Assessment of introgression and hybridization with
non-native channel catfish at nine locations showed evidence of ongoing or past hybridization at six locations. Persistence of potentially non-introgressed populations
were found at three locations with smaller sample sizes.
Main conclusions: Modelling temporal changes in Headwater catfish distribution provided critical insight into the types and locations of streams that should be targeted
for habitat preservation or restoration. Conservation and management of Headwater
catfish will require priority decisions based on existing levels of introgression and
the practicality of preventing further contact with Channel catfish. Maintaining
Headwater catfish populations in springs that are also heavily used by humans will be
critical for conservation of the species in the United States.
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1 | I NTRO D U C TI O N

Fishes in arid riverscapes are especially in need of conservation.
Drylands, which consist of arid, semi-arid, and desert regions, make

Growing human population densities and human domination of

up approximately 40% of Earth's terrestrial surface and contain

ecosystems are key factors contributing to a global loss of biodi-

nearly 33% of the human population (James et al., 2013). Streams

versity (Johnson et al., 2017; McKee et al., 2004; Turak et al., 2017;

in drylands rely on vertical connectivity with groundwater to main-

Tylianakis et al., 2008). The introduction of non-native species, mu-

tain base flow, which usually has limited spatial extent and can vary

nicipal and industrial development, increased agricultural land use,

seasonally (Murray et al., 2003). Human water demand and the fre-

and anthropogenic greenhouse gas emissions are all contributing

quency and intensity of extreme hydrologic events, such as drought,

factors (Sala et al., 2000). Across systems, two threats to biodiver-

also affect the availability of water for dryland fishes (Heino

sity that commonly occur together are habitat degradation (i.e., de-

et al., 2009; Perkin, Starks, et al., 2019). Thus, the preservation of

struction of habitat) and non-native species invasions (Arlinghaus

perennial water sources in dryland regions is a major challenge for

et al., 2016; Dudgeon et al., 2006; Vörösmarty et al., 2010). The

conserving aquatic biodiversity (Davis et al., 2017). Furthermore,

loss of biodiversity in aquatic ecosystems (i.e., marine and fresh-

introductions of non-native fish species are particularly harmful in

water) is widely documented (Moyle & Leidy, 1992), yet historically

highly isolated dryland waterbodies where there is increased compe-

received less attention compared with terrestrial systems (Aerts &

tition and limited dispersal capacity (Cambray, 2003; Orians, 1995).

Honnay, 2011; Sala et al., 2000). Though freshwater covers only

Non-native introductions can lead to hybridization where individuals

0.8% of the Earth's surface, freshwater fauna represent 9.5% of

with distinguishable, heritable characters from two distinct popula-

known species (Dudgeon et al., 2006; Strayer & Dudgeon, 2010).

tions or groups of populations interbreed. Introgression describes

Consequently, there is a growing urgency to address threats to bio-

the incorporation of alleles from one species into the gene pool of

diversity in freshwater ecosystems through application of system-

another, typically through hybridization and backcrossing (Harrison

atic conservation planning (Reid et al., 2019).

& Larson, 2014). Hybridization and introgression are recognized

The aim of systematic conservation planning is to provide conser-

as both potentially destructive as well as important in the evolu-

vation managers with decision-support tools that allow for efficient

tionary process, but present many controversial issues in conser-

and effective allocation of limited resources (Hermoso et al., 2015;

vation policy (Allendorf et al., 2001), primarily due to conflict with

Poiani et al., 2000; Possingham et al., 2015; Williams et al., 2011).

species-centric management practices (Chafin et al., 2019; Cooke

Systematic conservation assessments of freshwater systems and

et al., 2005; Fitzpatrick et al., 2015). This means successful conser-

their biota are relatively new because of the spatial and temporal

vation planning for dryland fishes must address habitat integrity,

challenges posed by rivers and their drainage networks (Barmuta

natural genetic structure, and potential introgression (Echelle, 1991;

et al., 2011; Erős et al., 2018). Natural riverine landscapes (river-

Hermoso et al., 2015; Meffe & Vrijenhoek, 1988). Simultaneously

scapes hereafter) maintain connectivity across four dimensions,

measuring each of these features across a riverscape requires mul-

including longitudinal (upstream to downstream), lateral (main chan-

tidisciplinary frameworks focused on applying modelling tools,

nels to floodplains), vertical (groundwater to surface water), and tem-

genetic techniques, and spatial conservation planning to benefit

poral (flow variability through time; Ward, 1998). Human alterations

species persistence in occupied habitats or reintroduction into re-

to riverscapes affect each of these dimensions and result in changes

stored habitats (Malone et al., 2018).

to natural structuring mechanisms for biotic assemblages (Cooper

The Headwater catfish Ictalurus lupus Girard, 1859 is a mem-

et al., 2017; Dudgeon et al., 2006; Perkin et al., 2015). Consequently,

ber of the family Ictaluridae in the order Suliformes and occurs in

design of freshwater protected areas must integrate information

riffles, runs, and pools of spring-fed streams and small- to moder-

across multiple riverscape dimensions to identify areas where an-

ate-sized rivers in the American Southwest (Figure 1). The native

thropogenic alterations can be mitigated to benefit the greatest

range of Headwater catfish includes the Rio Grande and Pecos

number of species (Hermoso et al., 2012). Freshwater stream fishes

River basins in the United States and Mexico (Hubbs et al., 2008).

serve as biological indicators of multi-dimensional riverscape con-

Although Headwater catfish was among the least studied North

nectivity (e.g., Perkin et al., 2017; Schmutz & Jungwirth, 1999) and

American freshwater fishes just a few decades ago (Gilbert &

are commonly used to identify freshwater protected areas (Araújo

Burgess, 1980), subsequent studies showed its native distribution

& Williams, 2000; Perkin et al., 2019; Williams et al., 2011). This

in the United States was declining as a result of habitat degradation

means assessments of fish distributions can inform systematic con-

and competition and introgression with Channel catfish Ictalurus

servation planning by identifying priority conservation areas where

punctatus Rafinesque, 1818 (Ictaluridae, Suliformes) beginning in the

preservation or restoration actions might be targeted (D'amen et al.,

1980s (Bean et al., 2011; Kelsch & Hendricks, 1990; McClure-Baker

2017; Hermoso et al., 2016).

et al., 2010). Channel catfish are native to streams east of the Rocky
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F I G U R E 1 Study area illustrating
(a) the border of the United States and
Mexico, (b) range of reported occurrences
of Headwater Catfish (Ictalurus lupus)
from Global Biodiversity Information
Facility database, and (c) the range of
Headwater catfish in the United States.
(c) Study region (light gray), major streams
(blue), focal streams where Headwater
catfish have been reported (dark gray),
and locations of Headwater catfish tissue
collections for genetic analysis (red
squares)

Mountains in North America but have been widely introduced across

historical and contemporary occurrences, where these conditions

the United States. In Texas, Channel catfish have been presumably

currently exist, the genetic integrity of existing populations, and

introduced to the Upper Rio Grande and Pecos Basins despite the

how protective measures might be spatially allocated to ensure per-

species being considered native to the lower Rio Grande (Hubbs et al.,

sistence of the species.

2008). As a result of these pressures, Headwater catfish was listed

The goal of this study is to provide a comprehensive review of

as a Species of Special Concern by Williams et al. (1989) and Hubbs

the conservation status of Headwater catfish in the United States.

et al. (2008), Threatened by Jelks et al. (2008), and State Threatened

Our first objective was to evaluate change in the geographic dis-

by the Texas Parks and Wildlife Department (M. Bean, professional

tribution of Headwater catfish using machine learning methods to

communication). The historical range of Headwater catfish in the

construct species distribution models (SDMs) based on historical

United States included the Pecos and Rio Grande basins of Texas and

(1980–1999) and contemporary (2000–2019) presence–absence

New Mexico and the upper Nueces, Guadalupe and Colorado basins

data and remotely sensed stream network data. Identifying areas

in Texas (Kelsch & Hendricks, 1990). However, Headwater catfish is

suitable for Headwater catfish will inform decision-making for con-

extirpated from a large portion of this range, with only limited por-

servation managers, including locations of suitable habitat across the

tions of the Pecos, Rio Grande, and Frio River basins currently inhab-

riverscape and the occurrence of Headwater catfish at these habi-

ited (Bean et al., 2011; Kelsch & Hendricks, 1990; McClure-Baker

tats both historically and recently. Our second objective was to mea-

et al., 2010). The systems where Headwater catfish persists in the

sure hybridization and introgression with widely introduced Channel

United States are threatened primarily by land use changes related

catfish at locations where Headwater catfish persist in Texas, the

to irrigated agriculture, declining groundwater tables and spring

core range of the species in the United States. The process of hy-

discharges, and continued introduction of non-native Channel cat-

bridization is not a single process leading to a uniform outcome, but

fish via reservoir stockings (Contreras-Balderas & Escalante, 1984;

rather a set of processes and outcomes shaped by ecological con-

Souza et al., 2006). Jelks et al. (2008) suggested the minimum time

ditions and variations in life history (Epifanio & Nielsen, 2000). The

period that a species goes undocumented before it is considered

interbreeding of these two closely related species occurs by exter-

extirpated is 20 years; thus, there is a need to understand where

nal fertilization naturally and as a result of human-related activities

Headwater catfish has been documented since 2000 to inform con-

such as habitat degradation and introductions of Channel catfish.

servation planning. Furthermore, systematic conservation planning

Previous studies by Kelsch and Hendericks (1990) reported intro-

is needed to determine the watershed conditions associated with

gression between these two species with backcrossing of hybrids
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towards Headwater catfish (Argue & Dunham, 1999). Characterizing

Headwater catfish, was collected. For each time period, georefer-

the genetic integrity of extant populations will help to identify po-

enced data were linked to medium-resolution (1:100,000-scale)

tentially non-introgressed refuge populations that can be included in

National Hydrography Dataset (NHD) version 2 Plus inter-conflu-

restoration planning.

ence stream segments (EPA, 2012) using ArcGIS 10.5.1. Occurrence
data were assigned to the nearest segment within 50 m (Frimpong

2 | M E TH O DS
2.1 | Study area

et al., 2005), such that any segment that was linked to a Headwater
catfish record was denoted as a presence location (class = 1) and any
segment that was linked to only a Channel catfish record was denoted
as an absence location (class = 0). Occurrences georeferenced to locations > 50 m away from study area streams were excluded from

We defined the spatial extent of our study based on level IV ecore-

analysis, and we only retained specimens with physical vouchers or

gions of the conterminous United States (Omernik & Griffith, 2014)

categorized as “research-grade” observations on GBIF. Segments

and the locations of Headwater catfish occurrences (Figure 1). The

with both Headwater catfish and Channel catfish were denoted as

Rio Grande, or Rio Bravo del Norte, is located in the south-western

presence locations (class = 1). The TGA method is commonly used in

United States and northern Mexico (Figure 1a). It is a water supply

stream fish species distribution modelling implemented with pres-

source for agriculture, industry, municipalities and wildlife (Ward

ence–absence model algorithms (Huang & Frimpong, 2015; Malone

et al., 2006). The Rio Grande flows through multiple biomes, includ-

et al., 2018; Perkin et al., 2019).

ing deserts, wetlands, mountains and subtropical coastal regions. The

We used 23 environmental predictor variables as covariates

river forms approximately 2,008 km of international border between

for Headwater catfish occurrence (Table 1). Covariate choice was

Mexico and the United States from El Paso, TX to the Gulf of Mexico

based on previous studies linking catchment attributes to the oc-

(Benke & Cushing, 2011). Other tributaries such as the Pecos River

currence of stream fishes (Malone et al., 2018). Covariates de-

and the smaller Devils River join the Rio Grande at Amistad Reservoir

scribed anthropogenic land use, as well as hydrologic, climatic and

in Val Verde County, Texas. The historical range of the Headwater

physiographic conditions for each stream segment across the study

catfish spreads east to the Edwards Plateau region in Texas, where it

area. Hydrologic variables included upstream watershed area (km2),

was once found in the upper Nueces, Frio, Guadalupe and San Saba

stream order (Strahler, 1957), stream channel maximum and mini-

rivers (Edwards et al., 2004; Kelsch & Hendricks, 1990). The Pecos

mum elevation (cm), stream channel slope (m/m), discharge (m3/s),

River headwaters are in New Mexico and the river flows south for

water velocity (m/s) and distance to the nearest known spring out-

approximately 805 km before it joins with the Rio Grande at Amistad

flow (km). Climatic variables included mean annual air temperature

Reservoir. The range of Headwater catfish in New Mexico includes

(°C) and mean annual precipitation (mm/y) for the period 1961–1990

the Pecos River downstream from Sumner Reservoir and the Black

obtained from EPA (2010). Physiographic variables included the

River as well as other south-eastern-flowing tributaries to the Pecos

major underlying geologic features and the identity of the 8-digit

River. In Mexico (Figure 1b), the range of Headwater catfish includes

hydrologic unit code (HUC) in which the stream segment occurred.

various locales in Coahuila, Durango, Nuevo Leon, and Tamaulipas,

Land use data were from Falcone et al. (2015) and described the

southward to Rio Soto la Marina (Kelsch & Hendricks, 1986; Miller

area of upstream watershed covered by 11 land use classes (30-m

et al., 2005; Sublette et al., 1990).

resolution, Table 1) approximately during the historical (survey year
1974) and contemporary (survey year 2002) periods. Although the

2.2 | Spatial data collection

survey years for land cover do not exactly match the historical and
contemporary periods defined for fish collections, they do represent
antecedent conditions for the period from which fish records were

We downloaded occurrence data from the Global Biodiversity

compiled (Perkin et al., 2019).

Information Facility (GBIF) to model the distribution of Headwater
catfish. The GBIF is a portal that organizes digitized collection and
survey data and is the largest online distributional database (Beck

2.3 | Species distribution models

et al., 2014). Within the United States, records for Headwater catfish
became increasingly prevalent beginning in the 1980s and 1990s be-

We summarized changes in the relationships between watershed

cause of work conducted by Kelsch and Hendricks (1986, 1990) and

covariates and Headwater catfish occurrences during historical,

more recent collections by McClure-Baker et al. (2010). Given the

contemporary and combined time periods using SDMs. The SDM

temporal nature of occurrences, we used GBIF records (GBIF, 2019a)

process involved five main steps denoted with the acronym ODMAP

from across the study area split into historical (1980–1999) and con-

(Overview, Data, Model, Assessment, Prediction) and reviewed in de-

temporary (2000–2019) time periods. Because these data represent

tail by Zurrell et al. (2020). We provide a general overview of the steps

occurrence-only data, we used the target-group absence (TGA) ap-

here and additional details based on the ODMAP template developed

proach described by Mateo et al. (2010) to assign Headwater catfish

by Zurrell et al. (2020) are given in Appendix A. Elith et al. (2006) sug-

absences at locations where Channel catfish (GBIF, 2019b), but not

gested presence–absence models outperform presence-only models;
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thus, we used random forest (RF; Breiman, 2001) models fit to histor-
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function from the “rfUtilities” package in R (Evans & Murphy, 2018).

ical and contemporary periods separately. Datasets assigned to each

Finally, we assessed differences in sampling locations and environ-

time period suffered from class imbalance such that presence records

mental conditions between the two periods to determine whether

(class = 1) were fewer compared with absence records (class = 0) in

any changes in occurrence detected between periods were related

the historical (1 = 31, 0 = 154), contemporary (1 = 19, 0 = 114), and

to Headwater catfish distribution or simply the habitats sampled. For

combined (1 = 45, 0 = 234) periods. We addressed class imbalance

this assessment, we used the Kolmogorov–Smirnov test to identify

using the synthetic minority over-sampling technique (SMOTE) de-

differences in continuous variables between periods and plotted

scribed by Chawla et al. (2002) and applied the “SMOTE” function

empirical cumulative distribution functions to illustrate patterns. For

from the “DMwR” package in R version 3.6.0 (R Core Team, 2019;

categorical variables, we used Kolmogorov–Smirnov tests and plot-

Torgo, 2011). This process resulted in balanced numbers of occur-

ted proportions of categories between the two periods. We con-

rences for historical (1 = 93, 0 = 93), contemporary (1 = 76, 0 = 76),

ducted these tests for habitat covariates identified by RF models as

and combined (1 = 180, 0 = 175) periods. Finally, we checked for mul-

most important for predicting occurrence and report Cohen's D and

ticollinearity among predictor variables using the package “corrplot”

P-values. Cohen's D is a common effect size measure for comparing

and removed redundant variables with Pearson correlation absolute

two or more group means (Nakagawa et al., 2015). A Cohen D value

values > 0.70. The process resulted in the removal of stream order,

of 0.2, 0.5, and 0.8 correspond to small, medium, and large effects,

maximum elevation, discharge, and air temperature from the model

respectively (Cohen, 1988). The effect size indicates the magnitude

fitting datasets. We then fit RF models to the SMOTE-adjusted data-

of the observed effect or relationship between variables, whereas

sets using the “randomForest” function from the “randomForest”

the significance test indicates the likelihood that the effect or rela-

package (Liaw & Wiener, 2002) in R. The “tuneRF” function from the

tionship is due to chance (Maher et al., 2013). A p-value will indicate

“rfUtilities” package (Evans & Murphy, 2018) was used to determine

statistical significance (difference from the null distribution) but can-

the number of variables to try at each split. We used model-specific

not reveal the size of the effect; therefore, reporting Cohen's d is

tree numbers and variables tried at each split, including historical

complementary to the reporting of results from a test of statistical

(1,200 trees, 4 variables), contemporary (250 trees, 4 variables), and

significance.

combined (250 trees, 2 variables) time periods. We assessed model
performance using k-fold cross validation (k = 5) in which 75% of
the data were used to train the model and 25% of the data were

2.4 | Specimen collections

used to test the model through the “rf.crossValidation” function
and the “confusion.matrix” function from the “dismo” package. The

In 2018, we sampled 36 sites within the historical range of Headwater

area under the curve (AUC) of the receiver operating characteristic

catfish to collect tissue samples for molecular analysis (Figure 1c).

(ROC) is a common measure of predictive accuracy and is thresh-

These sites included the Rio Grande and tributaries that directly

old independent (Thuiller et al., 2005). The AUC can range from 0

empty into the Rio Grande, including Cibolo Creek, Alamito Creek,

to 1 where values above 0.5 indicate a better than random perfor-

Terlingua Creek, Tornillo Creek, Devils River, Dolan Creek, San Felipe

mance. Cohens Kappa is another metric used to correct the overall

Creek, Pinto Creek, Las Moras Creek, and Elm Creek. We also sam-

accuracy of the model predictions by the accuracy expected to occur

pled tributaries to the Pecos River, including the Delaware River, Salt

by chance. Kappa values range from −1 to +1, where +1 indicates

Creek, Independence Creek, and San Solomon Springs in Balmorhea

perfect agreement and values of zero or less indicate a performance

State Park. Specimens were collected using seines, mini gillnets,

no better than random (Cohen, 1960). We also report alternative

and backpack electrofishing equipment. Catfishes were euthanized

performance metrics such as sensitivity, specificity, Jaccard's similar-

in a lethal solution of Tricaine methanesulfonate (MS-222), and tis-

ity index, and Sørensen's similarity index (reviewed in Leory et al.,

sue was obtained from the adipose fin and the right maxillary bar-

2018). Sensitivity is the proportion of observed presences correctly

bel and preserved in 95% non-denatured ethanol. Specimens were

predicted, and specificity is the proportion of observed absences

tagged using Floy T-bar tags with unique ID numbers and specimens

correctly predicted. Jaccard's similarity index and Sørensen's similar-

from which tissues were removed were fixed in 10% formaldehyde

ity index are calculated based on the confusion matrix of correctly

solution and later transferred to 70% non-denatured ethanol. All

classified occurrences (i.e., true positives, TP), correctly classified

specimens were deposited in the Biodiversity Research and Teaching

absences (i.e., true negatives, TN), incorrectly classified occurrences

Collections (TCWC) at Texas A&M University, College Station, TX,

(i.e., false positive, FP), and incorrectly classified absences (i.e., false

USA. We also utilized 35 catfish specimens collected from the canal

negatives, FN). The formula we used for Jaccard's similarity index

system at Balmorhea State Park by the Texas Parks and Wildlife

was TP/(FN + TP+FP), the formula we used for Sørensen's similarity

Department during 2017 (D. Lutz-Carrillo, unpublished data).

index was 2TP/(FN + 2TP+FP), and for both metrics values range 0–1

Similarities among Headwater catfish and Channel catfish neces-

with values nearer to 1 representing stronger agreement between

sitate that detailed morphological analyses be used to identify each

observed versus predicted occurrences. We explored relationships

species. For each catfish specimen collected in 2018, we recorded

between Headwater catfish suitability and environmental covariates

anal fin ray count, standard length, pectoral spine length, caudal pe-

using partial dependence plots generated with the “rf.partial.prob”

duncle depth, and mouth width. Morphometrics were measured with
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TA B L E 1 Environmental predictor variables used for species distribution models, including parameter descriptions, sources, and variable
importance measured as mean decrease in Gini for historical (1980–1999), contemporary (2000–2019), and combined (1980–2019) time
periods. Land use classes of the NAWQA Wall-to-Wall Anthropogenic Land Use Trends dataset (NAWQA, U.S. Geological Survey's National
Water-Quality Assessment Program, Falcone, 2015). Variables with no value (–) for mean decrease in Gini were removed prior to analysis
because of multicollinearity

Parameter

Description

Source
2

Historical
mean
decrease in
Gini

Contemporary
mean decrease
in Gini

Combined
mean
decrease
in Gini

Watershed

Upstream area of drainage (km ; DivDASqKM)
from PlusFlowlineVAA attribute table

EPA (2012)

5.29

2.65

10.56

Stream order

Stream order (Strahler, 1957; StreamOrde)
from PlusFlowlineVAA attribute table

EPA (2012)

–

–

–

Min. Elevation

Minimum elevation of stream segment (cm;
MINELEVSMO) from Elevslope attribute
table

EPA (2012)

5.08

3.27

12.02

Max Elevation

Maximum elevation of stream segment (cm;
MAXELEVSMO) from elevslope attribute
table

EPA (2012)

–

–

–

Slope

Slope of stream segment (m/m; SLOPE) from
elevslope attribute table

EPA (2012)

10.18

2.45

13.82

Discharge

Streamflow from gage adjustment estimate
(m3/s; Q0001E) from EROMExtension
attribute table

EPA (2012)

–

–

–

Velocity

Water velocity from gage adjustment estimate
(m/s; V0001E) from EROMExtension
attribute table

EPA (2012)

5.49

2.46

8.8

Air temperature

Mean annual air temperature (°C*10; Temp)
from CatchmentAttributesTempPrecip
attribute table

EPA (2010)

–

–

–

Precipitation

Mean annual precipitation (mm/y; Precip)
from the CatchmentAttributesTempPrecip
attribute table

EPA (2010)

7.43

10.29

18.38

Major geology

Major geology (rock form)

Schruben et al. (1994)

HUC8

8-digit Hydrologic Unit Code (Subbasin level)

USDA-NRCS et al.
(2015)

Distance to springs

Distance to springs (Euclidian distance, km)

Land Cover/Land
Use (1974; 2002)

5.74

3.91

26.55

25.87

13.39

Heitmuller and Reece
(2003)

3.43

7.15

11.63

water

Falcone (2015)

2.7

4.27

12.26

Land Cover/Land
Use (1974; 2002)

Major transportation

Falcone (2015)

2.01

0.95

3.03

Land Cover/Land
Use (1974; 2002)

Commercial/Services

Falcone (2015)

2.39

0.46

1.99

Land Cover/Land
Use (1974; 2002)

Industrial/Military

Falcone (2015)

1.41

0.54

0.69

Land Cover/Land
Use (1974; 2002)

Residential, low-medium density

Falcone (2015)

1.2

0.41

0.69

Land Cover/Land
Use (1974; 2002)

Developed

Falcone (2015)

3.52

2.44

5.03

Land Cover/Land
Use (1974; 2002)

Urban interface, low-medium

Falcone (2015)

2.13

0.38

0.98

Land Cover/Land
Use (1974; 2002)

Crops

Falcone (2015)

1.17

0.8

2.09

Land Cover/Land
Use (1974; 2002)

Pasture/hay

Falcone (2015)

1.3

0.2

1.16

46.7

(Continues)
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(Continued)
Historical
mean
decrease in
Gini

Contemporary
mean decrease
in Gini

Combined
mean
decrease
in Gini

Parameter

Description

Source

Land Cover/Land
Use (1974; 2002)

Grazing potential

Falcone (2015)

0.99

3.81

5.03

Land Cover/Land
Use (1974; 2002)

Low use

Falcone (2015)

4.38

1.65

8.06

digital callipers to the nearest 0.1 mm, except for large specimens

and unincorporated primers using ExoSAP-IT (Thermo Fisher

where standard length was measured to the nearest mm with a ruler.

Scientific). Sequencing reactions were performed in 10-µl volumes

A linear canonical discriminant function score (Kelsch, 1995) was

containing 0.5X BigDye 3.1 reagent mix (Thermo Fisher Scientific),

calculated from these data with the goal of separating Headwater

0.5× BigDye 3.1 buffer, 0.32 µM sequencing primer, and 60 ng

catfish and Channel catfish based on their morphology. Individual

cleaned amplicons. Sequencing conditions were 94°C (30 s), 55°C

morphology scores (S) were calculated using the equations:

(15 s), and 60°C (3 min), for 30 cycles. Completed sequencing reactions were cleaned with EDTA and ethanol before resolution on an

S = S1 + S 2 + S3 + S4 ;

ABI 3,500 (Thermo Fisher Scientific). Sequences were trimmed and
aligned within Geneious Prime 2019.1 (http://www.geneious.com/).

1.244 ( anl − 25.2 )
;
S1 =
1.66

S2 =

S3 =

S4 =

{
}
0.2 loge ( psl ) − [ − 1.254 + 0.864 + loge ( stdl ) ] + 0.077
0.144

Mitochondrial sequences are limited by their uniparental transmission which can mask potential hybridization or introgression
events (Ketmaier & Bianco, 2015). Therefore, primers (Appendix
B; RAG2_f, and RAG2_r) were designed to amplify a portion of a

;

{
}
− 0.276 loge ( cpd ) − [ − 2.127 + 0.952 ∗ loge ( stdl ) ] − 0.057
0.087

nuclear locus (RAG2) based on the alignment of GenBank (Benson
et al., 2005) sequences for Headwater catfish (AY327075),
;

{
}
− 0.673 loge ( mw ) − [ − 2.996 + 1.129 ∗ loge ( stdl ) + 0.096 ]
0.163

Channel catfish (AY184245, DQ492398, DQ492511, DQ492595,
JT408814), and Blue catfish (I. furcatus: KM264171, AY327075).
Three primers were designed for a single base extension assay to
exploit taxa diagnostic substitutions within this amplicon range
(Appendix B; RAG2_s1, RAG2_s2, and RAG2_s3). Multiple SNPs
provided redundancy to prevent misclassification of specimens

where anl is anal fin ray count, psl is pectoral spine length, stdl

due to in vitro sequencing errors or in vivo mutatios. Amplification

is standard length, cpd is caudal peduncle depth, and mw is mouth

was performed in 10-µl volumes containing 2 mM MgCl2 , 0.2 mM

width (Kelsch, 1995). The resulting score for each specimen was later

dNTPs, 0.2 µM each primer, 0.5 U Platinum Taq DNA Polymerase,

paired with molecular data.

1× of supplied buffer, and 50 ng of template DNA. Cycling condi-

For each specimen-paired tissue sample, DNA was isolated,

tions were 94°C (30 s), 60°C (30 s), and 72°C (1 min) for 40 cycles

quantified, and adjusted in concentration for downstream use as de-

after an initial denaturation step of 94°C (3 min). The SBE reaction

scribed in Lutz-Carrillo et al. (2015). The mitochondrial Cytochrome

was performed, following ExoSAP-IT treatment of the amplicons,

B gene (mt-CytB) was sequenced and single nucleotide polymor-

in 10-µl volumes containing 1.5-µl SNaPshot reaction mix (Thermo

phisms (SNPs) from the nuclear recombination activating 2 gene

Fisher Scientific), 0.1–0.3 µM each SBE primer, and 60 ng cleaned

(nuc-RAG2) were resolved. Cytochrome B typically provides unam-

amplicons. Reaction conditions were 96°C (10 s), 53°C (5 s), and

biguous species identification (Ketmaier & Bianco, 2015) and was

60°C (30 s) for 25 cycles after an initial denaturation step of 96°C

previously used in studies of Headwater catfish (Bean et al., 2011;

(30 s). Specimens were classified as having unmixed Headwater

McClure-Baker et al., 2010). Cytochrome B was amplified and bi-di-

catfish genotypes (H), unmixed Channel catfish genotypes (C), or

rectionally sequenced using primers MT11 and MT29 (Waldbieser

mixed genotypes (H/C). Individuals with mixed genotypes are in-

et al., 2003). Amplification was performed in 10-µL volumes con-

dicative of past hybridization events.

taining 2.5 mM MgCl2, 0.2 mM dNTPs, 0.2 µM each primer, 0.75 U
Platinum Taq DNA Polymerase (Thermo Fisher Scientific, Waltham,
Massachusetts), 1× of supplied buffer, and 50 ng of template DNA.

2.5 | Conservation prioritization

Cycling conditions were 94°C (30 s), 50°C (1 min), and 72°C (1 min)
for 35 cycles after an initial denaturation step of 94°C (2 min).

We combined information from the contemporary SDM and genetic

Sequencing was performed following the removal of residual dNTPs

analyses to prioritize locations where conservation resources might
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be allocated. We included locations in the prioritization if they occurred on NHD stream segments (Balmorhea State Park was excluded based on this criteria), and tissue samples were obtained and
analysed from the location (all but 8 of the 36 sites sampled during

TA B L E 2 Headwater catfish species distribution model
performance statistics based on fivefold cross validation for
random forest models fit to historical (1980–1999), contemporary
(2000–2019), and combined (1980–2019) time periods

2018 were removed based on this criteria). We plotted suitability

Performance metric

Historical

Contemporary

Combined

from the contemporary SDM along the x-axis (range 0–1) and the

AUC

0.92

0.99

0.97

proportion of individuals that were non-introgressed along the y-axis

Kappa

0.67

0.87

0.84

(range 0–1). We weighted the points in the bi-plot by the number

Accuracy

0.87

0.95

0.93

Sensitivity

0.84

0.96

0.94

Specificity

0.89

0.95

0.93

Jaccard

0.70

0.87

0.83

Sørensen

0.82

0.93

0.91

of individuals that were collected so that small sample sizes (small
points in plot) could be used to direct future sampling efforts if increasing sampling at locations with limited data is a conservation
goal. Locations falling in the closest proximity to the upper right of
the plot (coordinates 1, 1) are the highest priorities along both habitat
conservation and genetic conservation priority ranks. Similar conservation prioritizations along multiple axes of information have been
used to prioritize conservation actions (e.g., Malone et al., 2018).

suitability was > 0.50 up to 0.4 km from springs during the historical
period, it dropped to 0.00 at distances > 0.1 km during the contemporary period (Figure 2i).

3 | R E S U LT S
3.1 | Species distribution models

Tests for changes in the environmental gradients at sampled
sites revealed consistent habitats were sampled during each period. The geographic area covered by sampling during the historical period (Figure 3a) was consistent with the contemporary
period (Figure 3b) with two exceptions. First, a larger number of

Headwater catfish SDMs differed among historical, contemporary,

sites in the Edwards Plateau region of Texas (Guadalupe, Frio,

and combined periods. The contemporary and combined models

and Nueces river basins) were sampled during the contemporary

generally had higher performance statistic values than the histori-

period. Second, fewer sites along the Rio Grande downstream of

cal model (Table 2). Cross-validated performance values based on

Amistad Reservoir were sampled during the contemporary period.

AUC ranged 0.92–0.97, Kappa ranged 0.67–0.87, and accuracy

Despite these differences, the distributions of observed habitats

ranged 0.87–0.95 with strong agreement between sensitivity and

overlapped between periods for stream slope (Cohen's d = 0.09,

specificity. Jaccard's similarity index values for historical (i.e., 0.70),

p = 0.54; Figure 3b), precipitation (d = 0.09, p = 0.59; Figure 3d),

contemporary (i.e., 0.87), and combined (i.e., 0.83) models as well

discharge (d = 0.11, p = 0.33; Figure 3e), watershed area (d = 0.11,

as Sørensen's similarity index values for historical (i.e., 0.82), con-

p = 0.29; Figure 3f), water velocity (d = 0.10, p = 0.37; Figure 3g),

temporary (i.e., 0.93), and combined (i.e., 0.91) models showed high

minimum elevation (d = 0.09, p = 0.52; Figure 3h), low land use

agreement between observed and predicted occurrences. These

(d = 0.09, p = 0.48; Figure 3i), developed land (d = 0.06, p = 0.95;

values reflect acceptable model performance across all evaluation

Figure 3j), and major geology types (χ2 = 0.05, df = 4, p = 0.99;

metrics. The subbasin (HUC 8) from which collections were made

Figure 3k). Consequently, changes in suitability between periods

was the most important predictor variable of Headwater catfish

were most likely related to changes in fish distributions rather

suitability across all models (Table 1). The five most important vari-

than shifts in sampled habitats.

ables for the historical model were HUC 8, stream channel slope,

Projections of SDMs to all study area stream segments with com-

annual precipitation, geology, velocity, and watershed area, while

plete data (i.e., all model covariates) illustrated temporal changes in

the five most important variables for the contemporary model were

Headwater catfish suitability across the riverscape between the his-

HUC 8, annual precipitation, distance to the nearest spring, water

torical and contemporary period. Locations with high suitability in

land cover, and geology (Figure 2a).

the historical model included streams in the upper Pecos River (i.e.,

Partial dependence plots provided insight into temporal fluc-

Rio Hondo and Rio Felix), Toyah Creek, Independence Creek, Dolan

tuations in relationships between environmental variables and

Creek, San Felipe Creek, Tornillo Creek, and Pinto Creek (Figure 4a).

Headwater catfish suitability. Partial dependence on HUC 8 varied

The historical model also highlighted streams where Headwater cat-

little between the two periods (Appendix C; Appendix D). Suitability

fish historically occurred outside the Rio Grande basin, including the

declined between periods for stream segments with channel

upper Frio River, upper Nueces River, and upper Guadalupe River.

slopes > 0.003 m/m (Figure 2b), annual precipitation < 400 cm/y

Locations with high suitability in the contemporary model included

and > 600 cm/y (Figure 2c), velocities > 3 m/s (Figure 2d), watershed

streams in the Black River, the Devils River, Pinto Creek, and Tornillo

2

areas > 100,000 km (Figure 2e), and minimum elevations > 500 m

Creek (Figure 4b). The combined period model illustrated an increase in

above sea level (Figure 2f). Suitability increased between periods

suitability among western and headwater streams draining the Pecos

among stream segments with watersheds covered by 5%–85% low

River and Rio Grande (Figure 4c). Subtracting historical from con-

use land (Figure 2g) and > 2% developed land (Figure 2h). Although

temporary model suitability values underscored a pattern of reduced
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F I G U R E 2 (a) Random forest model
results for historical (1980–1999; blue),
contemporary (2000–2019; red), and
combined (1980–2019; gray) time
periods illustrating variable importance
based on mean decrease in Gini. Partial
dependence plots for highly important
variables include (b) stream channel
slope, (c) annual precipitation, (d) water
velocity, (e) watershed area, (f) minimum
stream channel elevation, (g) per cent of
watershed with low use land, (h) per cent
of watershed with developed land, and
(i) distance to the nearest spring outflow.
See Table 1 for variable definitions and
sources

suitability among headwater streams and a general downstream in-

Creek, Pinto Creek, and Las Moras Creek. Nuclear RAG2 SNPs indi-

crease in suitability during the contemporary period (Figure 4d).

cated only Headwater catfish alleles at the Devils River, Dolan Creek,
San Felipe Creek, and Las Moras Creek (Figure 5b). The Pecos River

3.2 | Molecular markers

corridor, Balmorhea State Park, and two tributaries to the Rio Grande
downstream of Amistad (i.e., Cienegas Creek and Pinto Creek) exhibited Channel catfish alleles. Combined mitonuclear genotypes indi-

Mitochondrial gene sequencing and nuclear SNP analyses facilitated

cated only Headwater catfish at San Felipe Creek, Las Moras Creek,

the identification of hybrids, misclassified individuals, and the resolu-

and Dolan Creek (Figure 5c). Non-introgressed Channel catfish sam-

tion of genetic structure among populations (Appendix E; Figure 5).

ples were only found at Cienegas Creek and the Delaware River, and

Headwater catfish mt-CytB haplotypes were isolated among three

Channel catfish genotypes out-numbered Headwater catfish geno-

regions with no sequence heterogeneity within regions. The three

types in both locations (including an absence of non-introgressed

regions included the Pecos River corridor (Delaware River and

Headwater Catfish in Cienegas Creek).

Independence Creek; Ha1), Balmorhea State Park (Ha2), and the Devils
River and Rio Grande tributaries downstream of Amistad Reservoir
(Hb; Figure 5a). In contrast, four Channel catfish mt-CytB haplotypes

3.3 | Morphology versus molecular status

were found with sequence heterogeneity within and among the three
regions. Headwater catfish mt-CytB haplotypes were found in iso-

Sampling during 2018 yielded 145 catfishes. The canonical discri-

lation (i.e., no Channel catfish present) at Dolan Creek, San Felipe

minant function analysis of phenotype morphology classified 131
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F I G U R E 3 Comparison of Headwater
catfish sampling locations and
environmental gradients for historical
(1980–1999; blue) and contemporary
(2000–2019; red) periods. Sampling
locations for (a) historical and (b)
contemporary illustrate presence
(squares) and absence (circles) locations
within the study area (gray polygon)
and geopolitical boundaries (solid lines).
Environmental gradients for all sampling
locations (presence + absence) during
historical (“Hist.”, blue) and contemporary
(“Cont.”, red) periods are shown for
(c) stream channel slope, (d) annual
precipitation, (e) stream discharge, (f)
watershed area, (g) velocity, (h) minimum
stream channel elevation, (i) per cent of
watershed with low use land, (j) per cent
of watershed with developed land, and
(k) proportion of samples collected over
major geology types

as Headwater catfish and 11 as Channel catfish. Comparison of

(Figure 6g). Two Headwater catfish were collected from Las Moras

phenotypic classification with mitonuclear classification indicated

Creek (Figure 6h), three Headwater catfish and one hybrid were col-

congruence in only 43 fish with pure Headwater catfish genotypes.

lected from Pinto Creek (Figure 6i) and four Headwater catfish were

Seventy-six phenotypic Headwater catfish had hybrid genotypes

collected from San Felipe Creek (Figure 6j).

and four phenotypic Headwater catfish had Channel catfish genotypes (Figure 6a). The majority of specimens from Balmorhea State
Park had Headwater catfish phenotypes and genotypes; however,

3.4 | Conservation prioritization

seven hybrids (RAG2 heterozygotes) were collected from the canal
system during 2017 (Figure 6b). Two Channel catfish and one hybrid

The conservation prioritization scheme identified priorities based

were collected from Cienegas Creek (Figure 6c), and a mixture of

on both habitat suitability and molecular information. The priority

phenotypes and genotypes were collected from the Delaware River

ranking for conservation based on combined criteria was (a) Dolan

(Figure 6d). Six Headwater catfish with intermediate phenotypes

Creek, (b) San Felipe Creek, (c) The Devils River, (d) Pinto Creek, (e)

and one hybrid were collected from the Devils River (Figure 6e), six

Las Moras Creek, (f) Independence Creek, (g) Delaware River, and

specimens from Dolan Creek had Headwater catfish phenotypes

(h) Cienegas Creek. The first five locations plotted within the upper

and genotypes (Figure 6f), and Headwater catfish and hybrids,

right quadrant, indicating high-quality habitat and low levels of in-

but no Channel catfish, were collected at Independence Creek

trogression (Figure 7). These locations are priorities for preserving
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F I G U R E 4 Projections of species
distribution models for (a) historical
(1980–1999), (b) contemporary (2000–
2019), and (c) combined (1980–2019)
periods showing predicted suitability
for Headwater catfish. (d) Change in
suitability (contemporary – historical)
illustrates reduced suitability (blue) among
headwater streams

existing conditions; however, each of these sites suffered from low

for Headwater catfish occurrence increased in intermediate sized

sample sizes for the genetic analysis and should be targeted for fu-

streams that are the preferred habitat for Channel catfish (Goldstein

ture assessments of genetic integrity. Independence Creek and the

& Meador, 2004). When and where these species coexist, hybridi-

Delaware River plotted in the lower right quadrant, indicating high-

zation and introgression is a consequence. For example, prior to

quality habitat but high levels of introgression. Sample sizes at these

establishment of the Independence Creek preserve, Channel cat-

locations were larger and the habitat in Independence Creek ranked

fish were stocked in nearby ponds (McClure-Baker et al., 2010),

highest among all sites, suggesting this location could be a priority

and although we found no indication of non-introgressed Channel

for allocating resources to restoring genetic integrity. Cienegas Creek

catfish in our sampling, there was a large number of introgressed

plotted in the lower left quadrant, indicating low-quality habitat and

Headwater catfish in Independence Creek. We found similar evi-

low genetic integrity (i.e., no Headwater catfish genotypes were

dence of introgression in the absence of pure Channel catfish geno-

recovered).

types in the Devils River, Pinto Creek, and Balmorhea State Park,
and co-occurrence and hybridization with pure Channel catfish

4 | D I S CU S S I O N

genotypes in the Delaware River and Cienegas Creek. Our results
thus point to double trouble for Headwater catfish in the United
States: declining occurrences in their namesake headwater streams

Our results identified habitats most suitable for Headwater cat-

and introgression by Channel catfish among remaining habitats.

fish as headwater streams with high elevations, steep slopes, fast

Fortunately, some high-quality habitats maintain potentially pure

current velocities, small watershed areas, low discharges, and with

populations of Headwater catfish including Dolan Creek, Las Moras

little land development. Our temporal assessment of distribution

Creek, and San Felipe Creek, although larger sample sizes and an

showed that suitability in these habitats was generally lower in

increase in the number of loci are needed to confirm the status of

the last 20 years compared with 40 years ago. However, suitability

those populations.
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F I G U R E 5 Molecular results from 2018 Headwater catfish
surveys showing (a) mitochondrial, (b) nuclear, and (c) mitonuclear
results at nine locations. (1) Delaware River, (2) Independence
Creek, (3) Balmorhea, (4) Dolan Creek, (5) Devils River, (6) San
Felipe Creek, (7) Cienegas Creek, (8) Las Moras Creek, and (9)
Pinto Creek. (a) Haplotypes for mt-CytB sequences are shown
for Headwater catfish (Ha1, Ha2, Hb; red shades) and Channel
catfish (Ca1, Ca2, Cb, Cc1; blue shades) and pie charts (sized
according to sample number) show the proportion of individuals
with each haplotype. (b) Alleles for nuc-RAG2 gene for Headwater
catfish (red) and Channel catfish (blue) with pie charts as in (a). (c)
Mitonuclear genotypes are shown for Headwater catfish (H; solid
red), Channel catfish (C; solid blue) and mixed genotypes ( H/C;
hashed purple)

PARKER et al.

F I G U R E 6 Canonical discriminant function analysis values
colour coded by mitonuclear genotypes for specimens from (a) all
locations and (b-j) each of nine locations from which tissue samples
were collected: (b) Balmorhea State Park, (c) Cienegas Creek, (d)
Delaware River, (e) Devils River, (f) Dolan Creek, (g) Independence
Creek, (h) Las Moras Creek, (i) Pinto Creek and (j) San Felipe Creek.
Canonical scores < 0 represent Headwater catfish and scores > 0
represent Channel catfish. Unmixed Headwater catfish genotypes
(H) are shown in red, unmixed Channel catfish genotypes (C) in
blue, and mixed genotypes (H/C) in hashed purple. Specimens too
small for external morphology analysis or for which only molecular
data were available are scored as zero
Habitat degradation and introgression with Channel catfish
have caused a decline in the geographic range of Headwater catfish
in the United States (Bean et al., 2011; Kelsch & Hendricks, 1990;
McClure-Baker et al., 2010). However, identifying the nature of
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shrunk to become isolated pools or ciénegas (Hoyt, 2002). Habitat
loss in the form of declining spring outflows is one of the biggest
threats to the species persistence (Bean et al., 2011; Kelsch &
Hendricks, 1990). With groundwater declines, flows from headwater springs decrease and, in turn, cause reductions in flow to
tributaries that serve as essential habitat for Headwater catfish.
For example, Toyah Creek and the surrounding spring-fed system
in the vicinity of Balmorhea was once an area of high Headwater
catfish occurrence (Kelsch & Hendricks, 1990), but currently the
creek is void of surface water due to the overdraft of groundwater and lowering of the water table (Sharp, 2001). Although Toyah
Creek is now desiccated, San Solomon Springs in Balmorhea State
Park serves as a protected refuge where Headwater catfish persist, among other threatened desert fishes (Comanche Springs
pupfish, Cyprinodon elegans, and Pecos gambusia, Gambusia nobilis). Persistence of Headwater catfish in Balmorhea State Park
highlights circumstances in which alteration of habitats for human
recreation or domestic water supply result in indirect protection of
F I G U R E 7 Conservation prioritization of eight locations based
on continuous-scale information from the contemporary species
distribution model (x-axis) and molecular results (y-axis). Points are
sized according to sample size (larger point = larger sample size)
based on sample sizes given in Appendix E. Points are labelled with
their associated stream name and the inset map illustrates the
locations of each stream

springs and their biotas (Unmack & Minckley, 2008). Unfortunately,
we found evidence of introgression with non-native Channel catfish within Balmorhea State Park. As a second example, Las Moras
springs create the headwaters of Las Moras Creek but were converted into a recreational swimming pool in 1971. Just below the
dammed pool, we discovered a population of potentially non-introgressed Headwater catfish where no recent records existed
(McClure-Baker et al., 2010). Another refuge within highly modi-

habitat degradation as well as the features that should be con-

fied habitats is the San Felipe Country Club golf course where we

served is a challenge. Species distribution modelling provides a flex-

collected potentially non-introgressed Headwater catfish imme-

ible and comprehensive method to summarize changes in species

diately downstream from the spring outflow. Each of these spring

ranges under predicted or observed environmental change (D'amen

outflows are buffered from land use alterations that influence

et al., 2017), and the results from these models can be used for con-

Headwater catfish distribution because they are close to the lo-

servation planning (Malone et al., 2018). Genetic analyses are useful

cation at which water reaches the surface (Saunders et al., 2002).

for tracking the locations of introgression, but this approach requires

As water flows away from spring outflows, streams become larger,

large numbers of specimens and molecular markers. Therefore, we

the effects of land use alterations increase, and our work suggests

refer to populations where we did not detect introgression with our

suitability for Headwater catfish declines.

molecular tools as potentially non-introgressed. When combined,

Morphological and molecular information can be used to direct

information on habitat and genetic status can be used to prioritize

conservation actions targeting preservation of Headwater cat-

conservation actions, as done here. Our prioritization scheme pro-

fish. There is a high degree of morphological similarity between

vides conservation managers with information that can be used in

Headwater catfish, Channel catfish, and their hybrids. Although

decisions regarding allocation of habitat and/or genetic preserva-

Kelsch (1995) correctly identified 91% of individuals on the basis

tion or restoration resources. Habitat preservation is likely to be

of canonical discriminant analyses, only 36% of individuals were

critical in the future given locations identified as most suitable for

correctly identified in this study after we accounted for hybrid in-

Headwater catfish are threatened by water extractions that could

dividuals. Furthermore, we found some evidence that specimens

destroy or desiccate existing habitats. Ultimately, successful conser-

identified as Channel catfish based on their genotype scored

vation of Headwater catfish in the United States will require main-

as Headwater catfish based on their phenotype. This suggests

tenance of both high-quality habitat and ensuring protection from

that external morphological characters alone are insufficient for

future stockings of Channel catfish.

species identification in areas where hybrids occur, particularly

The range contraction of Headwater catfish previously doc-

because hybrids tend to share Headwater catfish phenotypes.

umented and refined here by ecological modelling illustrates the

Unfortunately, previous records without voucher specimens or

need to conserve limited perennial water resources in arid riv-

voucher specimens that are were stored in formalin cannot be

erscapes (Figure 4; Davis et al., 2017). Many tributaries in West

accurately assessed for molecular structure; otherwise, these

Texas have become isolated from larger rivers, and headwater

could contribute to unexplained variation in SDMs if species iden-

springs that once connected pools and perennial streams have

tifications were incorrect (Hermoso et al., 2012; Moritz, 1995).
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Identification of Headwater catfish requires the collection and

should be interpreted as predictions of potential habitat that are

preservation of tissue for molecular analyses to identify hybrid

useful as guiding information for conservation planning, but occur-

and introgressed individuals (e.g., Ketmaier & Bianco, 2015).

rences outside of the predicted areas are still possible. Recent docu-

These molecular data can also be used to direct repatriation and

mented occurrence of Headwater catfish in the Frio River where the

supplemental stocking locations. We found that mt-CytB hap-

species was previously believed to be extirpated (Bean et al., 2011)

lotypes were not uniformly distributed across the riverscape,

illustrates that the species may persist (though at low densities) in

namely Ha1 occurred only in tributaries to the Pecos River, Ha2

other areas of the riverscape not identified in our SDMs. In addi-

only at Balmorhea State Park, and Hb in the Devils River, Dolan

tion, low detection among commonly used gears (e.g., seines) could

Creek, and tributaries to the Rio Grande downstream of Amistad

result in potential false negatives among sites with high probability

Reservoir. Our SDMs suggested high-quality habitats persist in at

of occurrence (Budy et al., 2015). Finally, our predictions rely on the

least one additional tributary to the Pecos River: Live Oak Creek.

assumption that current modelled environmental conditions are the

We were denied access to this stream in our recent sampling, but

primary drivers of Headwater catfish distributions and that these

the species occurred there historically and if future surveys reveal

relationships will persist in the future (Araújo et al., 2005; Guisan

the absence of Headwater catfish and Channel catfish in Live Oak

& Thuiller, 2005). Other environmental variables might be identi-

Creek, then this location could represent a candidate repatriation

fied and could be included in future research of Headwater catfish

location (e.g., Malone et al., 2018). However, this approach can

distribution. Significant habitat alterations in portions of the study

only proceed after a larger number of diagnostic loci are inspected

area make Headwater catfish persistence unlikely in some locations

to assure that only parental individuals are used for recovery

(e.g., the now desiccated Toyah Creek), and further repeated surveys

(Allendorf et al., 2001). Populations where introgression has taken

are necessary before local extinctions can be confirmed in these

place should remain areas of conservation priority because they

locations.

contain unique Headwater catfish phenotypic and even genetic

Systematic conservation planning informs decision-makers of

variation within the hybrid genome that should not be disregarded

the most effective and efficient ways to achieve conservation goals

(Demarais et al., 1992; McClure-Baker et al., 2010).

(Hermoso et al., 2015). Our study approach demonstrates the po-

Our use of occurrence records obtained from GBIF paired with

tential for using systematic methods for conservation planning in

remotely sensed environmental predictor variables provided a basis

freshwater ecosystems to identify appropriate habitats and the most

for modelling temporal changes in suitable habitat for Headwater

likely current distribution of Headwater catfish. The SDMs and mo-

catfish. Although the resulting models provided excellent predictive

lecular assessment provided here will aid in focusing rehabilitation

power, we recognize our projections are subject to some limitations.

and conservation efforts in priority areas (e.g., Figure 7), as well as

First, bias in the collection of species occurrence records could re-

other portions of the lower Pecos River and isolated spring habitats.

sult in model predictions that are biased towards environments that

Our work has implications for policies that have already benefited

have received more intense sampling (Araújo & Guisan, 2006). This

conservation and management of Headwater catfish. Specifically,

issue confounds temporal shifts in species distribution because dif-

information from this study, previous studies (Bean et al., 2011;

ferences between historical and contemporary time periods could

McClure-Baker et al., 2010), and recent status assessments were

be due to either shifts in species distributions or shifts in the areas

used to update the Texas Parks and Wildlife Department's State

sampled. We addressed this issue by considering differences in en-

Threatened and Endangered Species list. Headwater catfish was

vironmental gradients sampled during each period. Our results sug-

one of 16 fish species that were approved for listing as State

gested similar geographic regions and environmental gradients were

Threatened by the TPWD Commission. The Texas Parks and Wildlife

sampled during each period, and thus, changes in suitability through

Department will continue to work with private landowners on vol-

time were likely reflective of decline in occurrence of Headwater

untary habitat management practices that will benefit Headwater

catfish as opposed to sampling bias. Second, GBIF data represent

catfish and work with landowners to voluntarily conserve land

occurrence-only records and therefore limit the use of presence–

through conservation easements (i.e., through the Texas Farm and

absence modelling, a method demonstrated to be more accurate

Ranch Land Conservation Program). The Texas Parks and Wildlife

compared with presence-only modelling (Elith et al., 2006). We ad-

Department has also been partnering with the National Fish and

dressed the issue of no absence data by assigning TGA identified

Wildlife Foundation to support habitat conservation and research

as sites where Channel catfish but not Headwater catfish were col-

priorities through the Pecos Watershed Conservation Initiative, in-

lected (Mateo et al., 2010). However, there is potential risk when

cluding areas identified in this study as important to Headwater cat-

assigning this method because of the possibility to falsely identify

fish persistence. In addition to voluntary conservation actions, the

Headwater catfish. Species misidentification may act to contract or

elevated conservation status of Headwater catfish means that The

expand the predicted distribution of the target species and should

Texas Parks and Wildlife Department can also protect the species by

not be neglected (Costa et al., 2015). We also point out that the de-

limiting stocking in areas where Headwater catfish persist and set-

gree to which competition between Channel catfish and Headwater

ting special considerations during permitting of projects that involve

catfish influences the range of Headwater catfish may be worth

habitat destruction or alteration with a restitution value of $500 per

exploring for future SDMs (Araújo & Guisan, 2006). Third, SDMs

individual that is destroyed.
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This study represents the most recent evaluation of Headwater
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catfish distribution in the United States, but conservation status

S.D.P and J.S.P conceived the ideas; S.D.P, J.S.P, and M.B collected

in Mexico requires additional research. Alterations to headwater

data in fieldwork, D.L.C conducted molecular analyses, S.D.P, J.S.P,

habitats in our study area are consistent with global threats to

and M.R.A. analysed the data. All co-authors wrote portions of the

freshwater biodiversity (Dudgeon et al., 2006), and we expect sim-

manuscript.

ilar threats exist for Headwater catfish in Mexico and closely related Ictalurus spp. elsewhere. For example, Yaqui catfish Ictalurus
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pricei (Rutter, 1896) is on a trajectory towards extinction in the
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United States because of declining spring flows, reduced surface
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integrity due to hybridization and introgression with introduced
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alterations to riverscapes on native freshwater fish species distributions are documented on a global scale using methods sim-
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