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1  |  INTRODUC TION

A central goal of ecology is to understand why biological communities 
change over time (Connell & Sousa, 1983), and this line of research 
is necessary to predict how ecosystems and ecosystem services 
will respond to contemporary climate change. Conceptual models 
have described species colonisation and extinction dynamics based 
on habitat size and proximity to source populations (MacArthur & 
Wilson, 1967), resource availability and habitat patch configurations 
(Dunning et al., 1992), and environmental disturbances and dispersal 

dynamics (Leibold et al.,  2004). Stability of habitat conditions is 
often assumed to stabilise ecological communities over time (Van 
Meerbeek et al., 2021), but this assumption is rarely tested with em-
pirical data.

Hydrological events have a fundamental role in stream fish col-
onisation and extinction dynamics. Floods can produce debris flows 
that extirpate local fish populations (Roghair et al., 2002) or scour 
stream substrates reducing egg survival and juvenile abundance 
(Hitt et al.,  2020; Kanno et al.,  2016). In contrast, low flows can 
fragment stream fish populations into isolated pools that increase 
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Abstract
Although groundwater exchange processes are known to modulate atmospheric in-
fluences on stream temperature and flow, the implications for ecological stability are 
poorly understood. Here, we evaluated temporal change in stream fish communities 
across a gradient of groundwater influence defined by karst terrain (carbonate parent 
materials) within the Potomac River basin of eastern North America. We surveyed 
12 sites in 2022 that had been sampled 29–30 years previously with similar methods. 
We also collected stream temperature data from each site and used the regression 
slope of the air-water temperature relationship to index stream thermal sensitivity 
and groundwater exchange processes. Sites in karst terrain exhibited strong ground-
water controls on stream temperature, and fish communities were more stable over 
time in these locations than elsewhere. However, stream thermal sensitivity was a 
stronger predictor of species persistence than the spatial distribution of karst ter-
rain in contributing areas, highlighting the ecological importance of local variation 
in groundwater discharge processes. The presence of calcium precipitates (marl) in 
stream substrates was associated with low thermal sensitivity and ecological stability 
over time, and we suggest such visible features may be a useful indicator of climate 
change refugia in stream ecosystems.
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competition and predation pressures (Harvey & Stewart,  1991; 
Propst et al., 2008) or eliminate fish populations if refugia are un-
available (Magoulick & Kobza, 2003). Flow regimes are also closely 
tied to stream fish life history strategies, as observed in response 
to natural flow variation (Mims & Olden,  2012), drought and low-
flow conditions (Perkin et al.,  2015), and flow regulation from im-
poundments (McManamay & Frimpong, 2015; Olden et al., 2006). 
Precipitation and stream flows are becoming increasingly variable 
and less predictable with contemporary climate change (Hammond 
et al., 2022; Milly et al., 2008; Zhao et al., 2016), and this motivates 
research to understand the risks to freshwater fish populations and 
communities (Kovach et al., 2019).

Groundwater exchange processes have important moderating 
effects on stream flow and temperature (Kaandorp et al.,  2019; 
Winter, 2007), and this affects the quality and connectivity of fish 
habitat (Kurylyk et al., 2014; Meisner et al., 1988). Streams flowing 
over shallow unconfined aquifers constrained by near-surface bed-
rock exhibit more seasonal dewatering and more thermal sensitivity 
to air temperature than streams connected to deeper groundwater 
sources (Briggs et al.,  2022). Moreover, a continental-scale study 
demonstrated that streams dominated by shallow groundwater 
sources are warming in significantly greater proportion than streams 
fed by deeper groundwater sources, particularly over summer 
months (Hare et al., 2021). Thermal buffering and cooling of channel 
water by groundwater is predicted to provide refugia from climate 
warming and extreme warm events in some locations (Kaandorp 
et al., 2019; Kelleher et al., 2012; Snyder et al., 2015) as influenced 
by source aquifer hydraulic properties, flowpath depth, and recharge 
dynamics (Sullivan et al., 2021).

Karst terrain presents a challenge for understanding ecological 
effects of climate change in streams. On one hand, extensive disso-
lution and fracture of carbonate bedrock in karst terrain generate 
large aquifers with extensive groundwater-surface water connec-
tivity that can stabilise flow and temperature in receiving streams 
(Kresic,  2013; White,  1977; White & Reich,  1970). On the other 
hand, conduit-type groundwater flow paths can produce relatively 
rapid streamflow responses to rainfall (Jones,  1997; White,  1969). 
Complicating the matter, carbonate aquifers typically contain a 
combination of conduit-type and fracture-type flow paths (Bonacci 
et al., 2009; Shuster & White, 1971), and discharge from karst springs 
can exhibit a combination of fast and slow responses to precipita-
tion (Chang et al., 2015; Shirafkan et al., 2021). Moreover, springs in 
karst terrain can exhibit distinct geochemical signatures reflecting 
differences in groundwater flow paths and parent materials (Vesper 
& Herman, 2020), and dye-tracing experiments in karst terrain have 
revealed preferential groundwater flow paths through complex net-
works of faults superimposed on conduit-type and fracture-type 
flow paths (Kozar et al., 1991). Thermal sensitivity, defined here as 
the response of stream temperature to changes in air temperature, 
also indicates that streams influenced by fracture-type groundwater 
flow paths are less sensitive to atmospheric conditions than streams 
influenced by conduit-type groundwater flow paths (O'Driscoll & 
DeWalle, 2006; Shuster & White, 1971).

Ecological research has shown effects of karst terrain on tax-
onomic and functional attributes of stream fish communities. 
Magoulick et al.  (2021) observed less seasonal variation in fish 
communities within karst-influenced streams than in streams dom-
inated by runoff sources. Coulter and Galarowicz  (2015) reported 
a sharp transition from warmwater to coldwater fish communities 
where karst groundwater entered a stream from a cave outlet. 
Kollaus et al. (2015) attributed karst groundwater to the stability of 
stream fish communities over time in an urbanising landscape, sug-
gesting stabilised flow and thermal conditions relative to non-karst 
streams elsewhere. Moreover, stream fishes in karst terrain exhibit 
equilibrium-type life history strategies that capitalise on stable en-
vironmental conditions (Hitt et al.,  2022; Magoulick et al.,  2021). 
However, the temporal stability of ecological responses is not well 
understood.

Here, we evaluated effects of groundwater discharge on stream 
fish communities by quantifying temporal change in community com-
position in the presence and absence of karst terrain. We expected 
that streamflow and temperature associated with groundwater in 
karst terrain would promote temporal stability of fish communities, 
and we evaluated stream thermal sensitivity to air temperature as an 
index of groundwater exchange processes. We also contrasted ef-
fects of groundwater and karst terrain to effects of upstream basin 
area and elevation given their importance for stream fish community 
composition (Roberts & Hitt, 2010).

2  |  METHODS

2.1  |  Study area

We evaluated stream fish communities within the Ridge and Valley 
physiographic region of Potomac River basin in eastern North 
America (Figure 1). The region is contained by the Blue Ridge moun-
tains to the east and the Appalachian Plateau to the west. Geological 
features include a series of ridges and valleys oriented southwest to 
northeast with resistant sandstones and conglomerates comprising 
the ridges and erosive limestones and shales comprising the valley 
floor (Evans et al., 2016). The region is primarily forested along the 
ridgelines while the valley consists of agriculture and forest cover 
with limited areas of urban development (Irani & Claggett, 2010).

Karst terrain is a major feature of the valley floor within this 
region (Weary & Doctor,  2014) including numerous sinkholes 
and caves characteristic of karst geology (Dasher,  2012; Doctor 
& Doctor,  2012; Jones,  1997). Groundwater flow paths in this re-
gion exhibit combinations of conduit-type and fracture-type sys-
tems, with preferential flow paths following major faults (Evaldi 
et al.,  2009; Kozar et al.,  1991; McCoy & Kozar,  2008). Water 
chemistry of springs and streams in this region also indicates differ-
ences due to carbonate rock type (limestone and dolomite; Vesper 
& Herman, 2020), aquifer depth (Vesper et al., 2009), and ground-
water flow path complexity (conduit- or fracture-type; Shuster & 
White,  1971). Marl substrates occur in some streams within the 
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study region (Hubbard et al., 1985) due to the precipitation of cal-
cium carbonate as groundwater emerges into stream channels (Ford 
& Pedley, 1996).

2.2  |  Fish data

During summer 2022, we resurveyed stream fish communities in 
12 sites that were sampled by USEPA  (2000) (n  =  11) or Snyder 
et al. (2003) (n = 1) in 1993 or 1994, yielding a 29 to 30 year times-
pan for analysis (Table 1). The goal of the USEPA study was to as-
sess the ecological condition of streams across the mid-Atlantic 
highland region of eastern North America (Herlihy et al.,  2000), 
and the fish data have also been used to model species occurrence 
(Rashleigh et al.,  2005) and to evaluate fish dispersal dynamics 
(Hitt & Angermeier, 2008, 2011). Likewise, the goal of the Snyder 
et al.'s (2003) study was to identify relationships between land use, 
environmental quality, and fish community composition. However, 
Snyder et al.  (2003) encompassed a smaller study area (Opequon 

Creek watershed) than the USEPA study which included sites across 
the eastern United States. Site location coordinates are given in 
Appendix S1.

Both studies surveyed stream fishes using standard backpack 
electrofishing techniques within an area defined as 40 times the 
mean wetted width (McCormick & Hughes,  2000). USEPA  (2000) 
collected fish from a single-pass electrofishing survey, and we lim-
ited data from Snyder et al. (2003) to a single pass for comparability. 
We repeated these methods in each site. All fish surveys were con-
ducted during baseflow conditions between April and September 
(Table 1). We identified individuals to the species level using a tax-
onomic key (Jenkins & Burkhead,  1994) and released them, and 
we preserved a few individuals for taxonomic identification in the 
laboratory. We excluded age-0 fish, and we incorporated several 
changes into the USEPA  (2000) fish data based on zoogeographic 
considerations described in Hitt  (2007). Our fish sampling proto-
cols were approved by US Geological Survey IACUC review (study 
#2021-06L) and state scientific collection permits in West Virginia, 
Maryland, and Virginia.

F I G U R E  1  Map of study site locations in the Potomac River basin in eastern North America. Codes for sample sites (open circles) are 
defined in Table 1. Karst terrain (grey regions) was delineated by Weary and Doctor (2014).
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2.3  |  Environmental covariates

For each site, we calculated elevation, upstream basin area, and per-
cent karst terrain within surficial watersheds using the USGS Stream 
Stats Batch Processor v5.3.04 and ArcGIS Pro 2.9.2. Karst terrain was 
defined by Weary and Doctor (2014) from state geological maps. We 
estimated mean wetted stream width within fish sampling areas as 
the average of 11 evenly spaced transects perpendicular to the chan-
nel (Lazorchak et al., 2000). We also measured stream temperature 
at each site at 30-min increments from June 1 to August 31, 2022 
(92 days) using Onset ProV2 gages within perforated PVC cases 
mounted to substrate. Temperature gages were co-located with fish 
sampling sites with the exception that the Hopewell Run gage was 
located approximately 1 km upstream from the fish sampling area. 
We inspected raw data plots for temperature spikes and anomalies 
indicating dewatering (Sowder & Steel, 2012), and we observed none.

We estimated the thermal sensitivity for each site from the linear 
regression slope of the daily mean air-water temperature relation-
ship (Kelleher et al., 2012; Snyder et al., 2015; Wissler et al., 2022). 
Air temperature data were collected from a geographically cen-
tralised weather station (Eastern West Virginia Regional Airport, 
GHCND:USW00013734) and adjusted to expected air tempera-
tures for each site based on a lapse rate of 9.8°C per km of elevation 
change (Stull, 1988). We interpreted thermal sensitivity values < 0.45 
as groundwater-controlled sites following Kelleher et al. (2012). We 
also noted the presence or absence of marl substrates within the fish 
sampling area in each site.

2.4  |  Statistical analysis

We quantified fish community structure using nonmetric multidimen-
sional scaling (NMS). We excluded the rarest species from analysis by 
omitting taxa with <20 individuals in the dataset. Alternative levels of 
rare taxa exclusion had little effect on observed ordination patterns 

(results not shown). We applied ln-transformations to the abundance 
data and fit a 2-dimensional NMS ordination from Bray-Curtis dis-
tances. We then represented temporal change in community com-
position as the length of the vector in the 2-dimensional NMS space 
between the first and second sampling period for each site, and we 
evaluated the convex hull of the ordination space defined for time peri-
ods and thermal sensitivity levels. Prior studies have used this approach 
to address similar research questions (Matthews & Matthews, 2016; 
Morrill et al., 2022). We used functions in the R package “vegan” ver-
sion 2.6-2 (Oksanen et al., 2022) to fit the NMS model.

We also evaluated temporal change by tabulating the proportion 
of species exhibiting colonisation, extirpation, or persistence in each 
site and evaluating environmental covariates using beta regression 
techniques. Rates of colonisation, extirpation, and persistence were 
expressed as the proportion of the cumulative number of fish species 
observed within sites. Beta regression techniques are appropriate for 
this analysis because the response variables are expressed as propor-
tional data (Douma & Weedon, 2019). We applied a ln-transformation 
to continuous covariates (elevation, basin size, thermal sensitivity), 
and we applied an arcsine-square root transformation to a propor-
tional covariate (proportion of watershed in karst terrain; Weary & 
Doctor, 2014). We scaled environmental covariates to a mean of 0 and 
standard deviation of 1 to facilitate comparison. We fit beta-regression 
models with probit links using functions in R package “betareg” ver-
sion 3-1.4 (Cribari-Neto & Zeileis,  2010). Environmental covariates 
from the first survey period were not collected in most cases, pre-
cluding empirical analysis of physical habitat change over time. We 
conducted all analyses in R version 4.2.1 (R Core Team, 2022).

3  |  RESULTS

Sample sites ranged in elevation from 112 to 269 m above sea level 
(mean = 182 m), upstream watershed size ranged from 373 to 5400 
ha (mean  =  2664 ha), and wetted stream width ranged from 2.2 

TA B L E  1  Study site information. Karst % gives the per cent of karst terrain in the upstream watershed (Weary & Doctor, 2014). 
Geographic coordinates are given in Appendix S1.

Site code Site name State First survey
Second 
survey Elevation (m)

Basin size 
(ha)

Wetted 
width (m) Karst %

BR Brush Creek VA 5/3/1994 7/22/2022 195 5096 5.5 0.0

DL Dillons Creek, lower WV 5/19/1993 8/3/2022 249 4876 6.4 29.3

DU Dillons Creek, upper WV 4/14/1994 8/3/2022 269 4590 5.6 31.1

HO Hopewell Run WV 9/28/1993 9/27/2022 120 3142 4.4 78.6

RE Redbud Run VA 6/2/1993 8/1/2022 218 632 3.3 100.0

RO Rocky Marsh Run WV 4/15/1994 7/20/2022 125 3255 5.2 100.0

SJ Saint James Run MD 6/1/1994 8/2/2022 149 985 3.7 100.0

SR Slate Run VA 6/1/1993 8/1/2022 145 373 2.2 0.0

SL Sleepy Creek, lower WV 4/15/1994 8/4/2022 215 5400 8.0 0.0

SU Sleepy Creek, upper WV 5/18/1993 8/5/2022 230 4228 7.2 0.0

TL Tuscarora Creek, lower WV 5/17/1993 8/17/2022 169 1408 3.8 49.8

TU Tuscarora Creek, upper WV 4/15/1994 8/17/2022 174 1016 2.9 48.5



    |  5HITT et al.

to 8.0 m (mean  =  4.9 m; Table  1). Karst terrain encompassed the 
entire upstream watersheds for 3 sites (Redbud Run, Rocky Marsh 
Run, Saint James Run) and 79% of the Hopewell Run site (Table 1). 
Conversely, karst terrain was absent from watersheds for 4 sites 
(Brush Creek, Slate Run, Sleepy Creek lower, Sleep Creek upper) and 
comprised less than half of the Dillons Creek watershed (Table 1). The 
Tuscarora Creek sites were located over karst terrain (Figure 1), but 
approximately half of their watersheds were not underlain by karst 
(Table 1). We observed marl precipitates in sites where karst terrain 
comprised at least 79% of the upstream watershed (Redbud Run, 
Rocky Marsh Run, Saint James Run, Hopewell Run; Appendix S2).

Stream temperatures measured at 30-min timesteps ranged 
from 12.4 to 28.8°C during the sampling period (June 1–August 31, 
2022), with the minimum observed in Redbud Run and the maxi-
mum observed in the Sleepy Creek lower site (Table 2). Daily mean 
air temperatures at the Martinsburg weather station ranged from 
17.5 to 28.1°C, and site-specific adjustments ranged from −1.02°C 
at a higher elevation site (Dillons Creek upper site, elevation 269 m) 
to +0.44°C at a lower elevation site (Hopewell Run, elevation 120 
m). Thermal sensitivities ranged from 0.32 to 0.58 with Redbud 
Run as the least sensitive site and Sleepy Creek lower as the most 
sensitive site (Figure 2; Table 2). Four sites showed thermal sensi-
tivities < 0.45 indicative of groundwater-controlled thermal regimes 
(Kelleher et al., 2012) with the remaining 8 sites showing stronger at-
mospheric controls on stream temperature (Figure 2; Table 2). Linear 
model R2 values ranged from .67 to .80 across sites (mean = 0.73). 
Thermal sensitivity was associated with site elevation (positive), 
basin size (positive), and the percent karst terrain within watersheds 
(negative; Appendix S3).

The fish dataset included 5854 individuals from 37 species and 8 
taxonomic families (Table 3; Appendix S4). Among surveys, species 
richness ranged from 3 (Redbud Run in 1993 and 2022) to 20 (Dillons 
Creek lower in 2022) with an average of 10.8 species per survey 
(Table 3). Among sites, cumulative species richness was greatest in 
the Sleepy Creek lower site (25 species) and included at least 10 spe-
cies for most sites (Table  4). Total abundance was greatest within 

Leusciscidae (51% of all individuals), followed by Cottidae (21% 
of all individuals) and Percidae (18% of all individuals). In contrast, 
Anguillidae and Salmonidae each were represented by a single spe-
cies and cumulatively comprised less than 1% of all observed indi-
viduals (Table 3).

Blacknose dace (Rhinichthys atratulus) was the most abundant 
species in the dataset (25% of all individuals), followed by fantail 
darter (Etheostoma flabellare, 15% of all individuals), Blue Ridge 
sculpin (Cottus caeruleomentum, 11% of all individuals), pearl dace 
(Margariscus margarita, 8% of all individuals), and bluntnose minnow 
(Pimephales notatus, 5% of all individuals). Other species comprised 
less than 5% of the individuals in the dataset. Tessellated darter 
(Etheostoma olmstedi), river chub (Nocomis micropogon), and rainbow 
trout (Oncorhynchus mykiss) were the rarest species, each repre-
sented by a single individual in the dataset (Table 3).

Species richness varied over time in 8 of the 12 sample sites, of 
which 6 increased and 2 decreased (Table 4). We observed the larg-
est gain in species richness in the Dillons Creek lower site with the 
addition of 10 species. In contrast, the Sleepy Creek lower site and 
Slate Run each lost 2 species over time (Table 4). Sites showing no 
change in species richness included low-richness sites (i.e., Redbud 
Run and Tuscarora Creek lower site) and high-richness sites (i.e., 
Sleepy Creek lower site and Dillons Creek upper site; Table 4). We 
observed 3 species in the second survey but not the first (i.e., appar-
ent colonisations): rainbow darter (Etheostoma caeruleum), spottail 
shiner (Notropis hudsonius), and river chub. In contrast, we observed 
5 species in the first survey but not the second (i.e., apparent ex-
tirpations): golden redhorse (Moxostoma erythrurum), comely shiner 
(Notropis amoenus), swallowtail shiner (Notropis procne), tessellated 
darter, and rainbow trout.

Colonisation and extirpation rates varied among species 
(Table  3). Green sunfish (Lepomis cyanellus) exhibited the larg-
est colonisation trend with new occurrences in 7 sites (58%) that 
were unoccupied during the first survey (Table 3). Largemouth bass 
(Micropterus salmoides), Potomac sculpin (Cottus girardi), and yellow 
bullhead (Ameiurus natalis) also were observed in at least 4 sites that 

Site code Minimum Maximum Mean
Standard 
deviation

Thermal 
sensitivity

BR 16.1 26.5 21.5 2.04 0.55

DL 15.5 27.3 21.5 2.17 0.57

DU 15.4 26.5 21.1 2.00 0.55

HO 15.9 25.2 20.2 1.67 0.36

RE 12.4 22.4 16.6 2.02 0.32

RO 14.4 23.5 19.0 1.79 0.35

SJ 13.5 24.6 19.5 2.09 0.44

SR 15.4 26.4 21.0 1.78 0.58

SL 17.2 28.8 22.5 2.17 0.49

SU 16.3 27.1 21.7 2.03 0.56

TL 15.4 26.6 20.7 2.17 0.50

TU 16.8 28.5 22.5 2.30 0.56

TA B L E  2  Stream temperature 
summaries by site in degrees Celsius. 
Minimum, maximum, mean, and standard 
deviations are calculated from 30-
min increment data collected during 
summer 2022 (June 1–August 31). 
Thermal sensitivity is expressed as the 
regression slope for daily mean air and 
water temperatures during summer 2022 
(see Figure 2). Site codes are defined in 
Table 1.
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were unoccupied during the initial surveys (Table  3). Centrarchid 
and Leuciscid fishes showed the largest extirpation trends: rock bass 
(Ambloplites rupestris), redbreast sunfish (Lepomis auritus), small-
mouth bass (Micropterus dolomieu), spotfin shiner (Cyprinella spilop-
tera), and swallowtail shiner (Notropis procne); each was observed in 
3 sites during the first survey but not the second. Blacknose dace, 
fantail darter, and white sucker (Catostomus commersonii) exhibited 
the greatest persistence over time, with each species observed 
during both survey periods in at least 9 of the 12 sites (75%) (Table 3). 
American eel (Anguilla rostrata) also was observed during both time 
periods in Hopewell Run (Figure 1).

Rates of species colonisation, extirpation, and persistence 
varied among sites (Table  4). Colonisation rates averaged 0.27 
among sites and ranged from 0 (no species gained in Redbud 
Run) to 0.55 with 12 species gained in the Dillons Run lower site. 
Extirpation rates averaged 0.17 across sites and ranged from 0 
to 0.90 with the loss of 8 species in the Sleepy Creek upper site. 
Persistence rates averaged 0.56 across sites and ranged from 0.36 
(8 of 22 species persisting in the Dillions Run lower site) to 1.0 
with persistence of 3 species in Redbud Run (Table 4). Considered 
in aggregate among sites, colonisation rates exceeded extirpation 
rates (Wilcoxon test, p = .08), and persistence rates exceeded 

F I G U R E  2  Daily mean air temperatures (grey) and water temperatures (black) for sample sites from June 1–August 31, 2022, including 
linear regression model coefficients and R2 values. Site codes are given in Table 1, and geographic coordinates are given in Appendix S1.
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rates of immigration or extirpation (Wilcoxon test, p < .001, 
respectively).

A 2-dimensional NMS ordination represented spatial and tempo-
ral variation in fish community composition (stress = 0.15; Figure 3). 
Species space in the ordination was defined primarily by a gradient 

between Checkered sculpin (Cottus sp. cf. girardi; COSP) and fall-
fish (Semotilus corporalis; SECO) on axis 1 and between silver shiner 
(Notropis buccatus; NOBU) and Centrarchid species on axis 2 (blue-
gill, pumpkinseed sunfish, largemouth bass) (Figure 3a). Survey space 
in the ordination separated the first surveys from Dillons Creek 

TA B L E  3  Species abundances observed during 1993–1994 and 2022. Species codes are plotted in Figure 3a

Family Scientific name Common name Species code Abundance

Temporal change

+ − =

Anguillidae Anguilla rostrata American eel ANRO 2 0 (0.00) 0 (0.00) 1 (0.08)

Catostomidae Catostomus commersonii White sucker CACO 133 2 (0.17) 0 (0.00) 9 (0.75)

Erimyzon oblongus Creek chubsucker EROB 8 0 (0.00) 2 (0.17) 1 (0.08)

Hypentelium nigricans Northern hog sucker HYNI 34 3 (0.25) 0 (0.00) 2 (0.17)

Moxostoma erythrurum Golden redhorse MOER* 2 0 (0.00) 1 (0.08) 0 (0.00)

Centrarchidae Ambloplites rupestris Rock bass AMRU* 94 0 (0.00) 3 (0.25) 3 (0.25)

Lepomis auritus Redbreast sunfish LEAU 31 0 (0.00) 3 (0.25) 2 (0.17)

Lepomis cyanellus Green sunfish LECY* 124 7 (0.58) 0 (0.00) 4 (0.33)

Lepomis gibbosus Pumpkinseed LEGI 29 2 (0.17) 2 (0.17) 0 (0.00)

Lepomis macrochirus Bluegill LEMA 71 2 (0.17) 2 (0.17) 2 (0.17)

Micropterus dolomieu Smallmouth bass MIDO* 13 0 (0.00) 3 (0.25) 1 (0.08)

Micropterus salmoides Largemouth bass MISA* 29 5 (0.42) 0 (0.00) 1 (0.08)

Cottidae Cottus caeruleomentum Blue Ridge sculpin COCA 671 1 (0.08) 1 (0.08) 6 (0.5)

Cottus girardi Potomac sculpin COGI 388 4 (0.33) 1 (0.08) 1 (0.08)

Cottus sp. cf. girardi Checkered sculpin COSP 154 0 (0.00) 0 (0.00) 1 (0.08)

Ictaluridae Ameiurus natalis Yellow bullhead AMNA 31 4 (0.33) 0 (0.00) 1 (0.08)

Noturus insignis Margined madtom NOIN 24 3 (0.25) 0 (0.00) 1 (0.08)

Leuciscidae Campostoma anomalum Central stoneroller CAAN 153 1 (0.08) 0 (0.00) 5 (0.42)

Cyprinella spiloptera Spotfin shiner CYSP 21 1 (0.08) 3 (0.25) 1 (0.08)

Luxilus cornutus Common shiner LUCO 3 1 (0.08) 2 (0.17) 0 (0.00)

Margariscus margarita Pearl dace MAMA 516 0 (0.00) 1 (0.08) 4 (0.33)

Nocomis micropogon River chub NOMI 1 1 (0.08) 0 (0.00) 0 (0.00)

Notemigonus crysoleucas Golden shiner NOCR 17 1 (0.08) 1 (0.08) 0 (0.00)

Notropis amoenus Comely shiner NOAM 2 0 (0.00) 1 (0.08) 0 (0.00)

Notropis buccatus Silverjaw minnow NOBU 40 0 (0.00) 2 (0.17) 1 (0.08)

Notropis hudosonius Spottail shiner NOHU 31 1 (0.08) 0 (0.00) 0 (0.00)

Notropis procne Swallowtail shiner NOPR 15 0 (0.00) 3 (0.25) 0 (0.00)

Pimephales notatus Bluntnose minnow PINO* 278 2 (0.17) 1 (0.08) 4 (0.33)

Rhinichthys atratulus Blacknose dace RHAT 1471 3 (0.25) 0 (0.00) 9 (0.75)

Rhinichthys cataractae Longnose dace RHCA 139 3 (0.25) 0 (0.00) 3 (0.25)

Semotilus atromaculatus Creek chub SEAT 208 3 (0.25) 0 (0.00) 4 (0.33)

Semotilus corporalis Fallfish SECO 72 0 (0.00) 0 (0.00) 2 (0.17)

Percidae Etheostoma blennioides Greenside darter ETBL* 139 1 (0.08) 0 (0.00) 5 (0.42)

Etheostoma caeruleum Rainbow darter ETCA* 45 3 (0.25) 0 (0.00) 0 (0.00)

Etheostoma flabellare Fantail darter ETFL 863 1 (0.08) 0 (0.00) 11 (0.92)

Etheostoma olmstedi Tessellated darter ETOL 1 0 (0.00) 1 (0.08) 0 (0.00)

Salmonidae Oncorhynchus mykiss Rainbow trout ONMY* 1 0 (0.00) 1 (0.08) 0 (0.00)

Note: Species considered non-native in the Potomac River basin are indicated with *. Abundance is the number of individuals observed during 
both time periods. Temporal change is expressed as the number of sites where species showed colonisation (+), extirpation (−), or persistence (=). 
Proportions of sites are given in parentheses.
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(DL1, DU1) from other surveys along axis 1 and separated the first 
and second surveys from Slate Run (SR1, SR2) from other surveys 
along axis 2 (Figure 3b).

Temporal change in fish community composition was associated 
with the thermal sensitivity of sample sites (Figure 3c,d). Sites ex-
hibiting low thermal sensitivity (<0.45) exhibited shorter distances 
between surveys in the NMS ordination space than sites with high 
thermal sensitivities (>0.45) (Wilcoxon test, p = .004; Figure  3c). 
Likewise, the convex hull space occupied by sites with thermal sensi-
tivities >0.45 exhibited more temporal variation than sites with low 
thermal sensitivity (Figure 3d), indicating that fish communities were 
more stable over time in sites with stronger groundwater controls on 
stream temperature. In contrast, sites with high thermal sensitivities 
(>0.45) exhibited a loss of beta diversity over time, as indicated by 
the smaller convex hull area of the communities in 2022 than during 
the first sampling period (Figure  3d). Euclidean distances in NMS 
space were strongly correlated to Bray-Curtis distances among sur-
veys (Spearman rho = .63; results not shown) suggesting statistical 
robustness of the observed trends.

Beta regression models revealed environmental associations with 
colonisation, extirpation, and persistence rates across sites (Table 5). 
Model coefficients showed increasing colonisation with basin size 
and thermal sensitivity and decreasing colonisation rates with ele-
vation (p < .001 respectively; model pseudo-R2 = .92). Extirpation 
rates decreased with the percent of the watershed in karst terrain 
(p < .01) whereas other covariates were insignificant in this regard 
(model pseudo-R2 = .58). In contrast, species persistence increased 
with elevation and decreased with basin size and thermal sensitivity 
(p < .01, respectively; model pseudo-R2 = .88, Table 5). Across mod-
els, gains in elevation were associated with increasing species per-
sistence rates and decreasing colonisation rates. Conversely, gains 
in stream size (as indexed by upstream basin area) were associated 
with decreasing persistence rates and increasing colonisation rates. 
Thermal sensitivity was positively associated with species colonisa-
tion rates and negatively associated with species persistence rates 
(Table 5).

4  |  DISCUSSION

Our results highlight the importance of groundwater for stream fish 
community composition. We found that fish communities in sites 
with the strongest groundwater signals (i.e., thermal sensitivities 
< 0.45) were most stable over time, and these sites were charac-
terised by species persistence rather than colonisation or extirpa-
tion. Our results support prior research demonstrating that streams 
in karst terrain exhibit lower thermal sensitivities than sites lacking 
karst (Kelleher et al., 2012; O'Driscoll & DeWalle, 2006). Our results 
also extend prior work by demonstrating that thermal sensitivity 
was a stronger predictor of species persistence and colonisation 
rates than the presence of karst terrain, suggesting the ecological 
importance of local variation in groundwater-surface water interac-
tions. We also observed that sites with marl substrates, which may 
be controlled by proximal discharge of groundwater supersaturated 
with carbon dioxide, were more thermally resilient and ecologically 
stable over time than sites lacking these substrates, suggesting that 
such features may be a useful visual indicator of climate change refu-
gia in stream ecosystems.

Prior research has shown that stream fish communities are more 
stable over time in larger rivers than smaller streams (Horowitz, 1978; 
Schlosser, 1990), and this has been attributed to the relative stabil-
ity of environmental conditions such as flow and temperature with 
increasing stream volume (Hynes, 1970). However, we observed the 
opposite pattern: fish communities in larger sites showed higher 
colonisation rates and lower persistence rates than in smaller sites 
(Table 5), and this may indicate increased access to regional species 
pools or remote resources with increasing stream volume. For in-
stance, stream network connectivity can enable fish dispersal from 
riverine source populations (Hitt & Angermeier, 2008, 2011) and can 
provide habitat for life history expression (i.e., feeding, breeding, and 
refugia; Schlosser, 1991). In our study, Hopewell Run and Slate Run 
were located <1 km upstream from rivers that more than doubled 
their flow volume, and Hopewell Run was large enough (i.e., >1000 
ha basin size) to support immigrants from riverine source populations 

Site code
Species 
richness

Colonisation Extirpation Persistence

Count Rate Count Rate Count Rate

BR 10, 17 (18) 8 0.444 1 0.056 9 0.500

DL 10, 20 (22) 12 0.545 2 0.091 8 0.364

DU 18, 18 (23) 5 0.217 5 0.217 13 0.565

HO 14, 19 (22) 8 0.364 3 0.136 11 0.500

RE 3, 3 (3) 0 0.000 0 0.000 3 1.000

RO 6, 7 (8) 2 0.250 1 0.125 5 0.625

SJ 4, 5 (5) 1 0.200 0 0.000 4 0.800

SR 9, 7 (11) 2 0.182 4 0.364 5 0.455

SL 18, 18 (25) 7 0.280 7 0.280 11 0.440

SU 16, 14 (22) 6 0.273 8 0.364 8 0.364

TL 6, 6 (8) 2 0.250 2 0.250 4 0.500

TU 5, 6 (7) 2 0.286 1 0.143 4 0.571

TA B L E  4  Fish species richness, 
colonisation, extirpation, and persistence 
within sample sites. Site codes are defined 
in Table 1. Rates are expressed as the 
proportion of the cumulative number of 
fish species observed within sites. Species 
richness is given as the number of fish 
species observed during the first and 
second surveys with the cumulative total 
in parentheses.
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within this distance (Hitt & Angermeier,  2008). Nonetheless, fish 
community composition in Hopewell Run was more stable over time 
than in sites lacking strong groundwater signals (i.e., thermal sensi-
tivity >0.45; Figure 3).

Prior research has shown that stream fish communities within karst 
terrain are distinct from communities elsewhere in the study area (Hitt 
et al., 2022), and our analysis further indicates that fish communities in 
karst terrain are more stable over time. Coulter and Galarowicz (2015) 
suggested that karst groundwater inputs affect stream fishes by “reset-
ting” habitat conditions along the river continuum to those expected in 

smaller and colder headwater streams. Ward and Stanford (1983) of-
fered a similar conceptual model regarding the effects of flow regula-
tion in rivers (i.e., serial discontinuity concept). Our results suggest a 
somewhat different model. Although we expect streams in karst terrain 
generally to exhibit colder temperatures than expected for a given ele-
vation (Bonacci et al., 2009; Kresic, 2013; O'Driscoll & DeWalle, 2006), 
we also expect flow stabilisation from karst groundwater inputs 
would resemble downstream conditions rather than upstream con-
ditions (Hynes, 1970) as reported by Horowitz (1978) and others. As 
such, we suggest that karst groundwater inputs combine aspects of 

F I G U R E  3  Nonmetric multidimensional scaling (NMS) ordination of fish species abundance by species (a) and sites (b). Temporal change 
in community composition is shown with arrows (c) and convex hulls (d) for sites with low thermal sensitivity (<0.45, black) and high thermal 
sensitivity (>0.45, grey). Site codes are given in Table 1, thermal sensitivities are given in Table 2, and species codes are given in Table 3.
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upstream and downstream conditions with a net effect of stabilising 
environmental fluctuations. Likewise, Ramírez-García et al. (2023) ob-
served temporal stability of fish communities in a spring-fed lake eco-
system with stable environmental conditions over time, and Kollaus 
et al. (2015) also reported temporal stability of lotic fish communities 
in a river system stabilised by karstic groundwater inputs.

The presence of marl substrates in sites with the strongest 
groundwater signals (i.e., thermal sensitivity < 0.45) suggests its util-
ity for ecological analysis. Vesper et al.  (2019) found that calcium 
precipitation rates in a Virginia stream were greatest during sum-
mer conditions characterised by low flows, warm temperatures, and 
high alkalinity. Our study sites did not represent the warm springs 
sampled by Vesper et al.  (2019), but our results support their as-
sertion that local conditions affect precipitation rates because marl 
was not present at all sites within karst terrain. Although high cal-
cium concentrations can reduce salmonid egg survival rates (Ketola 
et al., 1988), sedimentation and limited availability of spawning hab-
itat may be more important limitations than stream temperature for 
salmonid fish populations in the study area. We therefore interpret 
the presence of marl as an index of potential thermal refugia in lo-
cations that often may benefit from physical habitat restoration 
(e.g., streambank stabilisation, riparian vegetation). Our results also 
suggest that the presence or absence of marl could help classify 
streams as “groundwater stable” or “groundwater flashy” hydrologic 
classes within karst landscapes (Fox & Magoulick,  2022; Leasure 
et al., 2016).

Our surveys revealed important species-specific changes over 
time. We observed immigration of rainbow darter in 3 sites, includ-
ing a site in karst terrain (Hopewell Run) suggesting the species’ 
physiological tolerance of a wide range of environmental conditions. 
Rainbow darter is considered non-native within the Potomac River 
basin due to its rapid colonisation into major tributaries following 
the first observation in 1977 (Cessna et al., 2014), and our surveys 
provide additional support for assertion that the species is non-
native in the study area. We also observed the apparent extirpation 
of smallmouth bass in 3 sites (Dillons Creek lower and upper sites, 

Sleepy Creek lower site) and its persistence in 1 site (Brush Creek). 
This species shows declining abundance trends in the Potomac River 
associated with scouring flows during egg incubation and larval de-
velopment (Hitt et al.,  2020), and our survey results suggest that 
smallmouth bass may be declining due to destabilised flows in head-
water tributaries as well. Conversely, we observed the immigration 
of green sunfish into 7 sites that were unoccupied previously and 
its persistence within 4 sites (Table 3). Colonisation occurred within 
small stream sites (e.g., Saint James Run) and large stream sites 
(Sleepy Creek upper site), indicating the physiological tolerance of 
this species. Moreover, green sunfish exhibits life history traits asso-
ciated with equilibrium, opportunistic, and periodic strategies (Hitt 
et al., 2022), suggesting that such a combination of strategies may 
facilitate colonisation of stable or dynamic environmental condi-
tions. McCormick et al. (2001) considered green sunfish an indicator 
of declining ecological integrity in Appalachian streams using data 
that included the USEPA (2000) records we evaluated (Table 1), but 
they noted “the paucity of green sunfish” (McCormick et al., 2001: 
860) in contrast to our observations.

We found that checkered sculpin was associated with low ther-
mal sensitivity in the community ordination space (Figure 3), consis-
tent with prior research showing the limitation of this species to karst 
groundwater-dominated streams in the Ridge and Valley portion of 
the Potomac River basin (Hitt et al., 2021, 2022). Hitt et al.  (2022) 
attributed the patchy distribution of this species to its life history 
strategy (low fecundity and parental care) that requires stable en-
vironmental conditions, and our results indicate the persistence of 
this species where it occurred (Rocky marsh Run, Figure 1). We also 
found that pearl dace was associated with low thermal sensitivity 
sites (<0.45; Figure 3), and it persisted in 4 of the 5 sites where it 
occurred (Table  3). The exception was the Tuscarora Creek upper 
site where it was observed in 1994 but not 2022, and this site is 
in a watershed with a mix of karst and non-karst terrain at equal 
proportion (Table  1) suggesting a peripheral distribution for pearl 
dace in locations where karstic groundwater inputs become less 
important. Our analysis indicated that checkered sculpin and pearl 

Response Covariate Coefficient
Standard 
error z p

Colonisation Elevation −0.48 0.11 −4.45 <.001

Basin size 0.39 0.09 4.55 <.001

Karst 0.12 0.12 0.99 .321

TS 0.62 0.15 4.13 <.001

Extirpation Elevation −0.19 0.16 −1.19 .233

Basin size 0.08 0.14 0.56 .575

Karst −0.57 0.22 −2.60 .009

TS −0.02 0.23 −0.10 .922

Persistence Elevation 0.51 0.12 4.19 <.001

Basin size −0.32 0.10 −3.32 <.001

Karst 0.20 0.14 1.45 .148

TS −0.54 0.17 −3.20 .001

TA B L E  5  Beta regression models 
for species colonisation, extirpation, 
and persistence among sites (n = 12). 
Karst is expressed as the proportion of 
karst terrain the upstream watershed. 
Thermal sensitivity (TS) is expressed 
as the regression slope of the air-water 
temperature relationship during summer 
2022. Covariates were scaled to facilitate 
comparison.
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dace indicate streams with strong groundwater inputs, and we sug-
gest that monitoring the distribution and abundance of these spe-
cies could inform our understanding of groundwater warming (Hare 
et al., 2021) and groundwater contaminant pathways in karst terrain 
(Padilla & Vesper, 2018).

We also found that beta diversity decreased over time among 
sites lacking strong groundwater controls (i.e., thermal sensitivity 
> 0.45; Figure 3d). This pattern does not simply reflect the loss of 
species richness in non-karst environments because sites with the 
largest gain in species richness over time (Brush Creek and Dillons 
Creek lower) were more centrally located in the community ordina-
tion space in 2022 than in prior surveys (Figure 3c), indicating the 
colonisation of common species that occur across a larger propor-
tion of sites (e.g., green sunfish). Such losses of beta diversity may 
have implications for functional diversity and associated ecosystem 
services (Mori et al., 2018), and our dataset could be used to evalu-
ate fish species traits in this regard.

Interpretation of our analysis requires consideration of sampling 
methods and variation in species detection. Although we sampled 
fish communities using backpack electrofishing as previously imple-
mented (USEPA, 2000), this sampling method includes some level of 
imperfect detection that can affect inference on temporal trends, 
particularly for rare species (Reid & Haxton, 2017). However, this is 
unlikely to bias our analysis because rare species were detected at 
a similar rate in both survey periods. For instance, the proportion of 
observed “rare” species (i.e., <20 individuals) observed during sur-
veys was not different between sample periods (t = 0.26, p =  .80), 
and we excluded rare species from our multivariate analysis. We 
used the original coordinates to navigate to our sample sites, but 
in some cases the original coordinates were located off the stream 
channel. We updated the sample site locations using a straight line 
to the stream channel, and we recognise that localised differences 
in microhabitat features may affect the accumulation of fish species 
with backpack electrofishing methods (Angermeier & Smogor, 1995). 
We therefore interpret our surveys as samples of reach-scale pro-
cesses rather than microhabitat-scale processes.

Our study contributes an empirical analysis of the ecological im-
portance of groundwater connectivity to stream ecosystems. We 
showed that stream fish communities were more stable over time 
in places with the strongest groundwater signals as quantified by 
the slope of the linear relation between daily air-water temperature 
data (June 1–August 31, 2022). Our analysis also indicated the utility 
of marl substrates as an indicator of persistent groundwater-surface 
water interactions that may promote ecological resiliency to climate 
change. Our results also revealed ecological distinctions among 
streams within karst terrain, consistent with the complex groundwa-
ter flow paths known from the study area (Evaldi et al., 2009; Kozar 
et al., 1991; Vesper & Herman, 2020). Our study provides a temporal 
perspective within discrete locations sampled previously, but addi-
tional sites are needed to evaluate the spatial properties of ecolog-
ical change over time in the study area. This could be accomplished 
with longitudinally structured stream fish surveys over time paired 
with high spatial resolution stream temperature data.
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