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Abstract: In the Central Appalachians (USA), mountaintop-removal mining accompanied by valley fills often leads
to streams with elevated specific conductivity (SC). Thus, the ionic composition of freshwaters in this region is
hypothesized to be a driver of the distribution and abundance of freshwater taxa, including stream salamanders.
We examined the association between SC and stream salamander populations by conducting salamander counts
in 30 southeastern Kentucky streams across a continuous gradient of SC that ranged from 30 to 1966 lS/cm. We
counted 2319 salamanders across 5 species and, using a hierarchical Bayesian version of the N-mixture model,
found a negative association between SC and salamander occupancy rates. This finding was consistent across
adults and larvae of the 5 species we examined. Furthermore, we found that most salamander species and life stages
showed reduced abundances given occupancy at greater SC levels. For example, estimated mean abundance given
occupancy of larval Southern Two-lined Salamanders (Eurycea cirrigera) was 67.69 (95% credible interval 48.31–
98.25) ind/10 m at 250 lS/cm and 2.30 (95% credible interval 1.46–3.93) ind/10 m at 2000 lS/cm. The consistent
negative association across all species and life stages supports the hypothesis that salamander distributions and
abundances are negatively associated with elevated SC of streams in southeastern Kentucky, even though physical
and chemical environmental attributes, such as forest cover within stream catchments, were correlated with SC.
Restoration of streams affected by mountaintop-removal mining should focus on restoring the ionic compositions
that naturally occur in this region.
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Human-accelerated weathering of rocks and soils is shift-
ing the ionic composition of freshwater systems (Kaushal
et al. 2018). Land-cover change, particularly from mining
and other resource extraction activities, is a major contrib-
utor to these changes in ionic composition (Cañedo-
Argüelles et al. 2013). In the Central AppalachianMountains
(USA), mountaintop-removal mining is the primary driver
of land-cover change (Bernhardt and Palmer 2011, Wick-
ham et al. 2013). This type of surface mining involves the
removal of large amounts of rock (i.e., mountaintops) to ac-
cess coal seams. Unconsolidated rocky material, or over-
burden, is often discarded from the mine site into adjacent
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valleys, forming a valley fill (Bernhardt and Palmer 2011).
Valley filling results in the partial burial of low-order
streams, and surface waters that emerge from the fill area
have elevated levels of major ions, including sodium (Na1),
calcium (Ca12), magnesium (Mg12), potassium (K1), chlo-
ride, sulfate (SO4

22), carbonates, and bicarbonates (Palmer
et al. 2010, Griffith et al. 2012). Thus, freshwater systems in-
fluenced by mountaintop-removal mining frequently have
specific conductance (SC), a measure related to the concen-
tration of ions in the water, 30� greater than unaltered
streams (Lindberg et al. 2011, Price et al. 2016, Voss and
Bernhardt 2017).
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TheCentral Appalachians harbor one ofmost biologically-
diverse freshwater assemblages inNorthAmerica, yet thou-
sands of km of streams have been affected by valley fills
(Bernhardt and Palmer 2011, Bernhardt et al. 2012). Nu-
merous studies have reported severe declines in the abun-
dances and species richness of freshwater taxa in streams
affected by mountaintop-removal mining and valley filling
(MTR-VF) (Pond et al. 2008, Cormier et al. 2013, Hitt and
Chambers 2014,Muncy et al. 2014, Hitt et al. 2016). For ex-
ample, Hitt and Chambers (2014) found fish abundance,
biomass, and diversity were 80, 50, and 49% lower, respec-
tively, in streams influenced by MTR-VF compared to ref-
erence streams. The pathway linking MTR-VF to biotic re-
sponses is complex (Palmer et al. 2010, Wickham et al.
2013, Price et al. 2018); however, elevated SC is regularly
cited as a driver of distributions, local abundances, and spe-
cies richness patterns seen in Central Appalachian fresh-
water taxa (e.g., Pond et al. 2008, Hitt and Chambers 2014).
Elevated SC is presumed to reduce or extirpate local pop-
ulations via osmoregulatory stress and direct mortality
(McCulloch et al. 1993, Hassell et al. 2006), increased em-
igration rates (i.e., downstream drift; Wood and Dykes
2002), or changes in resource subsidies (Hitt and Chambers
2014).

Recent studies have shown that stream salamander spe-
cies diversity, abundance, and occupancy are reduced in
MTR-VF streams compared to reference locations (Wood
and Williams 2013, Muncy et al. 2014, Price et al. 2016,
2018). For example, Price et al. (2016) showed that sala-
mander abundances were reduced in MTR-VF streams in
southeastern Kentucky, where SC averaged 1780 lS/cm
compared to streams unaltered by MTR-VF that averaged
58 lS/cm. Thus, elevated SC is considered amajor factor of
salamander population declines in streams affected by
MTR-VF (Schorr et al. 2013, Wood and Williams 2013,
Muncy et al. 2014, Price et al. 2016). Amphibians osmoreg-
ulate to maintain internal salinity greater than that of the
external environment. They expel excess ions cutaneously
or via gill filaments to maintain homeostasis when their in-
ternal salinity falls below the external environment salinity
(Shoemaker and Nagy 1977). Osmoregulation can be ener-
getically costly and may result in adverse effects ranging
from increased stress to mortality (Sanzo and Hecnar 2006,
Karraker et al. 2008, Chambers 2011). However, previous
studies on amphibian response to elevated SC have largely
focused on how road salts affect pond-breeding amphibians
(Sanzo and Hecnar 2006, Karraker et al. 2008). Investiga-
tions are needed to elucidate the relationship between SC
and stream salamander populations in streams affected by
MTR-VF.

The objective of this study was to examine the associa-
tion between stream salamander occupancy and abun-
dance and SC in southeastern Kentucky streams. We ex-
amined occupancy and abundance of species and life stages
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along a continuous gradient of SC that ranged from 30 to
1966 lS/cm to test the hypothesis that elevated SC is associ-
ated with reductions in salamander populations. We asked
the basic question: do stream salamander occupancy rates
and abundances decrease as SC increases along a continu-
ous gradient? In addition, we examined correlations be-
tween physical and chemical environmental attributes
(i.e., forest cover, ion composition) and SC. Specifically,
we asked: what is the relationship between individual phys-
ical and chemical environmental attributes with SC?

METHODS
Study sites

We conducted a field study to characterize ion concen-
trations and physical and chemical environmental variables
of stream reaches in southeastern Kentucky, USA, and to
quantify salamander occurrence and abundance along an
SC gradient. We sampled salamanders at 30 first-order
streams in the Cumberland Plateau in Breathitt, Knott,
and Letcher counties in southeastern Kentucky (Fig. 1).
Study streams were located on theMain Tract and the Bear
Branch Tract of theUniversity of Kentucky’s Robinson For-
est (RF, Breathitt and Knott counties) as well as Eastern
Kentucky University’s Lilley CornettWoods (LCW, Letcher
County) and on the Laurel Fork Surface Mine (LFSM,
Breathitt County), a reclaimed mine located directly adja-
cent to RF. We selected stream sites across a continuous
gradient of SC values ranging from 30 to 1966 lS/cm (Ta-
ble 1). Ten streamswith lowSC (30–70 lS/cm)were located
in themain block of RF and LCW; seeMartin and Shepherd
(1973), Martin (1975), and Phillippi and Boebinger (1986)
for descriptions of vegetative communities. Ten streams
with moderate SC (101–687 lS/cm) were in theMain Tract
of RF adjacent to LFSM, the Bear Branch Tract of RF, and
the 2nd-growth forests adjacent to LCW. These streams
had elevated SC values because of surface mining, among
other land uses such as timber harvest, in a portion of their
catchments (R. Watts [Eastern Kentucky University] and
C. Osborne [University of Kentucky], personal communica-
tion). Ten streams with high SC (737–1966 lS/cm) were lo-
cated within the LFSM, a surface mine that was active from
the late 1990s to early 2000s and released from bond in No-
vember 2007 after reclamation was determined satisfactory.

We delineated 10-m reaches at each stream to sample
for stream salamanders. We selected reaches to compare
stream salamander capture data to previous studies in the
eastern USA (e.g., Grant et al. 2009, Muncy et al. 2014).
High-SC stream reaches were in the headwater streams be-
low a valley fill. Low- andmoderate-SC stream reaches were
selected to contain stream widths, depths, and current ve-
locities similar to those found in the high-SC reaches. All
stream reaches contained a pool, a run, and a riffle section
to provide habitat likely to increase detections of all possible
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salamander species and life stages. Riparian zones and ad-
jacent terrestrial areas at all study streams were forested.
Riparian vegetation composition was similar across the SC
gradient because the sampled stream reaches were below
the toe of the valley fill, and the riparian vegetation below
the fill was relatively undisturbed by the mining process.
Physical environmental attribute sampling
Prior to conducting salamander counts, we collected 50-

mL water samples from the thalweg of each stream. After
collection, we immediately placed water samples on ice
and later analyzed the samples at the Forestry Hydrology
Lab (University of Kentucky, Department of Forestry and
Natural Resources) for concentrations of Ca12, Mg12, K1,
Na1, SO4

22, total organic carbon (TOC), pH, and SC. We
used a GBC SDS 270 Atomic Absorption Spectrophotome-
ter (GBC Scientific Equipment, Melbourne, Australia) to
measure Ca12, K1, Mg12, and Na1, and we used ion chro-
matography on a Dionex™ Ion Chromatograph 2000 (Dio-
nex Corporation, Sunnyvale, California) to measure SO4

22.
We used a ShimadzuTOC-Vcsn analyzer (Shimadzu, Kyoto,
Japan) to measure TOC concentration.Wemeasured water
pH with a Thermo Scientific™ Orion Star™ benchtop pH
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meter (model 250A; Thermo Fisher Scientific, Waltham,
Massachusetts). We measured SC using a YSI conductiv-
ity bridge (model 35; Yellow Springs Incorporated, Yellow
Springs, Ohio). We followed all sampling, preservation, and
analytic protocols outlined in Greenberg et al. (1992).

We measured several physical environmental attributes
at each site to allow for description of stream habitat in-
cluding water temperature (7C), the number of cover ob-
jects (logs ≥8 cm diameter, rocks ≥15 cm diameter), the
number of trees within 2 m of the stream channel within
a 10-m transect that were under or over 2 m tall, and the
percentage of detritus in the stream substrate of each tran-
sect (as in Pond et al. 2008). We calculated the catchment
area (ha) using Hydrology Tools within ArcMap (ArcGIS
version 10.4.1; ESRI®, Redlands, California). For the base
layer for catchment delineation, we used post-mining, high-
resolution (0.6 m), digital elevation model data (Muncy
et al. 2014). We overlaid the United States Geological Sur-
vey 2013 7.5-min imagemap for theNoble, Kentucky quad-
rangle (https://www.usgs.gov/core-science-systems/ngp
/tnm-delivery/topographic-maps) on stream catchments
to calculate the % catchment in forest cover.We considered
bothmature and 2nd-growth forest classes as forest cover in
the analysis of each stream catchment.
Figure 1. Study area and sampling locations for 30 stream reaches in Breathitt, Knott, and Letcher counties, Kentucky, USA.
Streams were located in the University of Kentucky’s Robinson Forest (Main Tract and Bear Branch Tract), Eastern Kentucky
University’s Lilley Cornett Woods, and on the reclaimed Laurel Fork Surface Mine. Symbols represent specific conductivity (SC) cate-
gory: circles are low-SC streams (30–70 lS/cm), triangles are moderate-SC streams (101–687 lS/cm), and diamonds are high-SC
streams (737–1966 lS/cm).
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Physical and chemical environmental attributes analysis
We constructed scatterplots and computed correla-

tions to examine associations between the physical and
chemical attributes of the sites. Our analysis focused pri-
marily on the relationship between these attributes and
SC. We transformed several of the attributes either with
the logarithmic or logit transformation in order to achieve
linearity with SC so that the correlation would be represen-
tative of the strength of each relationship. We also found
that the chemical attributes were best correlated with the
logarithm of SC. We conducted the analysis in 2 ways:
1) we computed the correlations among SC (on the natural
scale) and the physical attributes (catchment size, elevation,
% detritus, elevation, % forest cover, number of logs, num-
This content downloaded from 074.1
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ber of rocks, water temperature, and trees under or over
2 m tall); and 2) we computed the correlations among the
logarithm of SC and the chemical attributes (Ca12, K1,
Mg12, Na1, SO4

22, pH, and TOC).

Salamander sampling
We counted salamanders in each 10-m reach 4� (every

∼22 d) from April to July 2017 during daylight hours
(0800–1700) and in baseflow conditions. Prior to sampling
we recorded the number of days since last rain and the day
of year because these factors may influence our ability to
detect salamanders (Price et al. 2012). We used systematic
dipnetting and bank searches to capture salamanders
(Price et al. 2012). Dipnetting consisted of 1 personmoving
Table 1. Site names, average specific conductivity (SC), elevation, location, catchment size, and % forest cover for 30 stream study
sites in southeastern Kentucky, USA. Streams were located in the University of Kentucky’s Robinson Forest (RF; Breathitt and Knott
counties), Eastern Kentucky University’s Lilley Cornett Woods (LCW; Letcher County) and on the reclaimed the Laurel Fork Surface
Mine (LFSM; Breathitt County). SE p standard error.

Site Location Elevation (m) SC (lS/cm ±SE) Catchment size (ha) % forest cover

Miller RF 378.26 31.53 ± 2.78 7.98 98.75

Falling Rock B RF 327.36 36.18 ± 6.05 17.47 100.00

Little Millseat A RF 331.32 38.43 ± 4.40 14.99 100.00

Field Branch A RF 349.00 39.63 ± 11.84 17.28 100.00

Falling Rock A RF 320.95 39.73 ± 7.48 12.06 100.00

Boardinghouse RF 292.00 40.83 ± 4.24 31.13 99.04

Bucklick RF 278.59 43.83 ± 2.89 15.64 100.00

Tome RF 299.31 47.70 ± 8.35 30.08 100.00

Cole’s Fork A RF 320.04 51.60 ± 9.64 87.27 100.00

Big Everidge LCW 339.55 69.58 ± 4.88 55.30 100.00

Bear Branch #3 RF 291.69 100.45 ± 7.86 5.42 69.13

Mart Branch RF 270.05 108.13 ± 16.22 67.02 98.71

Pole Branch LCW 338.02 130.28 ± 9.34 90.61 97.42

Rich Hollow #2 RF 378.56 286.75 ± 45.15 8.78 70.11

Island Branch LCW 379.48 417.75 ± 49.02 143.84 95.35

Rich Hollow #3 RF 348.69 418.25 ± 85.85 12.42 100.00

Whitaker Branch LCW 372.47 442.00 ± 92.28 28.14 74.15

White Oak Left LFSM 347.47 480.25 ± 117.49 10.81 49.58

Rich Hollow #1 RF 381.00 501.75 ± 226.04 8.61 15.31

Bear Branch #1 RF 287.43 552.50 ± 91.23 3.33 90.82

Bear Branch #2 RF 269.44 686.75 ± 99.37 4.37 68.29

Turkey LFSM 292.91 736.75 ± 122.60 6.89 78.21

Bee Branch Near LFSM 322.78 1286.50 ± 175.53 37.17 35.59

White Oak Right LFSM 337.41 1382.25 ± 99.68 32.03 44.19

Bee Branch Far LFSM 279.20 1409.50 ± 167.76 22.47 29.60

White Oak LFSM 339.24 1439.50 ± 175.19 24.50 40.59

Stillrock LFSM 344.12 1549.50 ± 272.03 12.69 46.31

Big Hollow LFSM 317.00 1609.00 ± 112.83 18.74 23.41

Wharton LFSM 331.62 1954.75 ± 195.94 61.53 21.66

Hickory Log LFSM 303.28 1965.50 ± 192.81 13.88 45.16
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from downstream to upstream and using a dipnet to cap-
ture salamanders around and under submerged rocks, logs,
and other cover within the 10-m reach. After dipnetting,
the same person conducted bank searches, which included
searching under rocks, logs, leaf litter, and other material
within 1m of the wetted width of the stream. Stream searches
were limited to 0.5 h and bank searches to 0.25 h (Price et al.
2012). We temporarily removed the salamanders from the
stream reaches and banks during sampling and counted
the number of individuals. We then recorded the species
and life stage (larval or adult) of each salamander. Process-
ing of salamanders generally lasted 30 to 60 min, depend-
ing on the number of animals we captured at a site. We re-
leased salamanders within the sampled stream reach after
data recording. In addition to captured salamanders, we re-
corded data for salamanders that were visually detected
and identified but that evaded capture. We sampled from
downstream to upstream, reducing the likelihood of re-
counting salamanders because they generally do not move
towards disturbance and typically move to retreats near
the point of capture.
Occupancy and abundance analysis
We separated salamander count data by species and life

stage for occupancy and abundance analyses. We detected
9 salamander species during dipnetting and bank searches:
Allegheny Dusky Salamander (Desmognathus ochrophaeus;
Cope 1859), Black Mountain Salamander (Desmognathus
welteri; Barbour 1950), Northern Dusky Salamander (Des-
mognathus fuscus; Rafinesque 1820), Seal Salamander (Des-
mognathusmonticola; Dunn1916), SpringSalamander (Gy-
rinophilus porphyriticus; Green 1827), Red Salamander
(Pseudotriton ruber; Sonnini and Latreille 1801), Longtail
Salamander (Eurycea longicauda; Green 1818), Southern
Two-lined Salamander (Eurycea cirrigera; Green 1831), and
Southern Ravine Salamander (Plethodon richmondi; Net-
ting and Mittleman 1938). However, we only considered
5 species (D. fuscus,D. monticola, G. porphyriticus, P. ruber,
and E. cirrigera) in our analysis, because these species are
primarily associated with streams and were captured in suf-
ficient numbers to allow statistical analyses. We then as-
signed the salamanders to 8 groups based on species and life
stage: adult D. fuscus, D. monticola, and E. cirrigera and lar-
valD. fuscus,D.monticola, E. cirrigera,G. porphyriticus, and
P. ruber. Adults of G. porphyriticus and P. ruber captures
were combined with their larvae because their counts were
low (n p 2).

We used a hierarchical Bayesian modeling approach to
estimate species-specific and life-stage-specific responses
to SC. This method fits a N-mixture model to each spe-
cies with a prior that relates the different parameters across
species, where Oij denotes whether species i is present at
site j, Nij denotes the abundance of species i at site j, and
nijk denotes the number of individuals of species i counted
This content downloaded from 074.1
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at site j on visit k (Dorazio et al. 2013). The model assumes
that OijFψij ∼ Bernoulli(ψij), NijFOij > 0, ki ∼ ZTPoisson(kij),
and nijkFNij,pi ∼ Binomial(Nij,pi), where ψi, ki, and pi rep-
resent the occupancy probability, mean abundance/occupied
site, and individual detection probability for species i, re-
spectively. The distribution of Nij is assumed to be a 0-
truncated Poisson if Oij p 1, and Nij is fixed to be 0 if
Oij p 0 (i.e., an occupied site must have at least 1 indi-
vidual present, and an unoccupied site must have no indi-
viduals present). We further modeled the occupancy and
abundance parameters dependent on the mean observed
SC at site j as logit(ψij) p b0i 1 b1iConductivityj and
log(kij) p γ0i 1 γ1iConductivityj. We modeled the detec-
tion probability on the logistic scale as logit(pijk) p d0i 1
d1iDays Since Last Rainjk 1 d2iDay of Yearjk. This approach
allowed the detection probability to vary by species and also
allowed for species-specific effects of the number of days
since last rain and the day of year. We then assigned regres-
sion parameters hierarchical priors such that b0i ∼ Normal
(mb0 , τ

2
b0) and b1i ∼ Normal(mb1 , τ

2
b1). We used a similar

approach for γ0i, γ1i; d0i, d1i; and d2i. These priors relate the
parameters across the species, but the data determined the
strength of the relationship.

We used the software JAGS (version 4.3.0; Plummer
2003) tofit themodelswithMarkov chainMonteCarlo sam-
pling. Specifically, we ran the sampler with 3 chains started
at diffuse initial values. Each chain was run for 5000 itera-
tions burn-in and 100,000 sampling iterations. Convergence
was assessed with the Brooks–Gelman–Rubin diagnostics
(Gelman and Rubin 1992). We found no evidence for lack
of convergence. That is, point estimates of the potential
scale reduction factors were <1.01 for all of the species-
specific parameters and<1.04 for all hyperparameters.We ap-
proximated posterior summary statistics, including themean,
standard deviation, and credible intervals (CI; 95%), for each
of themodel parameters aswell as derived quantities includ-
ing occupancy probability and abundance for each species
or life stage.
RESULTS
Physical and chemical environmental attributes

Most physical environmental attributes showed a weak
relationship with SC (Table 2, Fig. S1). However, we found
evidence that % detritus in the stream substrate in each
transect was positively correlated with SC (rp 0.53). Forest
cover within the stream catchment (r p 20.81) and the
number of rocks in the stream substrate (rp 20.66) were
negatively correlated with SC.We foundmoderately-strong
correlations among physical environmental variables, in-
cluding a decrease in the number of rocks with % detritus
in each transect (r p 20.46) (see Table 2 and Fig. S1 for
full details).

We found evidence that several chemical environmen-
tal attributes were strongly-positively correlated with the
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logarithm of SC (Table 3, Fig. S2). Concentrations of dis-
solved ions SO4

22, Ca12, Mg12, K1, and Na1 were posi-
tively correlated with the logarithm of the SC (r ≥ 0.76
for all ions; see Table 3), and pH was weakly but positively
correlated with the logarithm of SC (r p 0.24). We also
found that correlations among chemical environmental
variables were strong in some cases (see Table 3 and Fig. S2
for full details).

Salamander occupancy and abundance
In total we counted 2319 salamanders across the study:

657 adults and 1662 larvae. Specifically, we counted 280 D.
fuscus adults, 284D.monticola adults, 89 E. cirrigera adults,
191 D. fuscus larvae, 205 D. monticola larvae, 1015 E. cir-
rigera larvae, 183 G. porphyriticus (combined adults and
larvae), and 72 P. ruber (combined adults and larvae). We
found a general decline in occupancy probabilities of all sal-
amander groups as SC increased (Fig. 2). For example, the
estimated occupancy probability of D. fuscus adults at 250
lS/cm was 0.95 (95% CI p 0.89, 0.98), but it decreased to
0.23 (95% CI p 0.05, 0.52) at 2000 lS/cm. Furthermore,
posterior means and 95% CI for the parameters modeling
the effect of SC on occupancy (b1j) were negative for all sal-
This content downloaded from 074.1
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amander groups (Fig. 3A, Table 4). Thus, when all salaman-
ders were considered together, the mean response to in-
creasing SC was negative (mb1 p 20.24; 95% CI p 20.33,
20.15), indicating that salamanders, as a group, occurred
less frequently at elevated SC levels (Fig. 3A, Table 5). Fur-
thermore, themodel indicated that the response was similar
across all species and life stages, which is indicated by the
very small point estimates for the posterior variance of the
regression coefficients modeling the effects of SC on occu-
pancy and by the 95% CI for these parameters, which have a
lower bound of 0. This result suggests that the responsemay
be very close to constant across species (Table 6).

For 5 groups, we also found thatmean salamander abun-
dance given occupancy declined as SC increased (Fig. 4).
For example, the estimated abundance of larval E. cirrigera
decreased from 63.38 (44.92–92.33) ind/10m at 250 lS/cm
to 0.38 (0.04–1.04) ind/10 m at 2000 lS/cm. However, we
found no significant effect of SC on the abundances of lar-
val D. fuscus, larval P. ruber, or adult E. cirrigera for which
the 95% CI of posterior means overlapped 0 (Fig. 3B, Ta-
ble 4). Nonetheless, when all salamander species were con-
sidered together, the mean response to SC was negative
(mγ1 p 20.09; 95% CI p 20.16, 20.002), suggesting that
Table 3. Correlations between chemical environmental attributes measured in streams in southeastern Kentucky, USA. Attributes de-
noted with * have been log transformed prior to computing the correlation. Specific conductivity was log transformed prior to analy-
ses. TOC p total organic carbon.

Attribute Calcium Potassium* Magnesium Sodium* pH Sulfate* TOC

Specific conductivity 0.99 0.97 0.99 0.92 0.24 0.76 0.07

Calcium 0.97 0.99 0.91 0.28 0.73 0.09

Potassium 0.99 0.87 0.37 0.69 0.23

Magnesium 0.87 0.29 0.71 0.11

Sodium 0.27 0.78 0.02

Sulfate 0.09 0.59

pH 20.11
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Table 2. Correlations among physical environmental attributes measured in streams in southeastern Kentucky, USA. Attributes de-
noted with * have been log transformed prior to computing the correlation. % forest cover was bounded between 1 and 99 and logit
transformed prior to correlation.

Attribute
Catchment

size % Detritus* Elevation
% forest
cover

Number
of logs

Number
of rocks*

Water
temp

Number of
trees <2 m

Number of
trees >2 m

Specific conductivity 0.02 0.53 20.06 20.81 0.03 20.66 0.10 0.34 20.06

Catchment size* 20.29 0.15 0.20 0.24 0.07 0.04 20.25 20.19

% detritus* 20.05 20.43 0.37 20.46 20.30 0.32 0.14

Elevation 20.08 20.04 0.13 0.27 0.21 0.05

% forest cover 0.02 0.43 20.19 20.23 20.11

Number of logs 20.05 20.47 20.24 0.34

Number of rocks* 0.09 20.26 0.05

Water temperature 0.17 0.01

Number of trees <2 m 0.07
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salamanders, as a group, are less abundant given occupancy
at elevated SC levels (Fig. 3B, Table 5). Additionally, the as-
sociation between SC and salamanders was similar across
all species and life stages as indicated by the small posterior
variance parameters of the regression coefficientsmodeling
the effects of SC on abundance (Table 6).

The effects of sampling covariates (i.e., days since last
rain and day of year) on detection probabilities varied among
This content downloaded from 074.1
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species and life stages (Fig. 5A, B).Most species and life stages
were more detectable as day of last rain increased. In fact,
when we considered all salamander groups together, we
found that as day since last rain increased, detection proba-
bility increased (d1ip 0.09; 95% CIp 0.03, 0.14). Adult and
larval D. fuscus and G. porphyriticus and adult E. cirrigera
had higher detection probabilities during sampling at earlier
dates, whereas larval D. monticola, larval E. cirrigera, and
Figure 2. Mean estimated occupancy probabilities (solid black line) with pointwise 95% credible intervals (shaded gray region) for
salamanders detected at stream reaches along a continuous specific conductivity gradient in southeastern Kentucky, USA. Groups are
denoted as Desmognathus fuscus adults and larvae (DFA, DFL), Desmognathus monticola adults and larvae (DMA, DML), Eurycea
cirrigera adults and larvae (ECA, ECL), Gyrinophilus porphyriticus (GP), and Pseudotriton ruber (PR). We combined G. porphyriticus
and P. ruber adults and larvae because adult counts were low (n p 2) for these species.
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Figure 3. Salamander group estimates of occupancy probability (A) and mean abundance (B) across a continuous specific con-
ductivity gradient in southeastern Kentucky, USA. The points represent posterior means, the wide bands represent the central 50%
credible interval, and the thin bands represent the central 95% credible interval. Groups are denoted as Desmognathus fuscus adults
and larvae (DFA, DFL), Desmognathus monticola adults and larvae (DMA, DML), Eurycea cirrigera adults and larvae (ECA, ECL),
Gyrinophilus porphyriticus (GP), and Pseudotriton ruber (PR). We combined G. porphyriticus and P. ruber adults and larvae because
adult counts were low (n p 2) for these species.
Table 4. Mean and 95% credible intervals for occupancy (b0, b1), abundance (γ0, γ1), and detection (d0, d1, d2) parameters across sal-
amander species and life stages in relation to specific conductivity. Specifically, b1i and γ1i (where i indicates species) are the effect of
conductivity on salamander occupancy and abundance, respectively. Detection parameters included number of days since last rain
(d1) and day of year (d2).

Desmognathus fuscus Desmognathus monticola

Parameters Adult Larva Adult Larva

b0 3.56 (2.56, 4.79) 3.61 (2.60, 4.90) 3.62 (2.61, 4.93) 3.35(2.29, 4.44)

b1 20.24 (20.35, 20.15) 20.23 (20.33, 20.13) 20.23 (20.33, 20.13) 20.23 (20.33, 20.12)

γ0 2.32 (1.97, 2.71) 3.01 (2.34, 4.04) 2.50 (2.16, 2.90) 2.70 (2.25, 3.27)

γ1 20.04 (20.08, 0.00) 20.02 (20.05, 0.02) 20.09 (20.13, 20.05) 20.10 (20.16, 20.05)

d0 20.43 (21.09, 0.18) 21.91 (23.07, 21.07) 20.97 (21.54, 20.45) 22.50 (23.14, 21.96)

d1 0.12 (0.06, 0.20) 0.12 (0.06, 0.20) 0.09 (0.02, 0.16) 0.11 (0.04, 0.18)

d2 20.14 (20.20, 20.08) 20.14 (20.20, 20.09) 20.01 (20.06, 20.04) 0.17 (0.11, 0.24)

Eurycea cirrigera Gyrinophilus porphyriticus Pseudotriton ruber

Adult Larva Adults and larva Adults and larva

b0 3.40 (2.35, 4.56) 3.44(2.45, 4.61) 3.65 (2.62, 5.11) 3.50 (2.36, 4.91)

b1 20.26 (20.40, 20.17) 20.27 (20.40, 20.17) 20.22 (20.33, 20.10) 20.22 (20.32, 20.08)

γ0 2.49 (1.51, 3.78) 4.71 (4.39, 5.10) 2.73 (2.15, 3.54) 2.53 (1.56, 3.80)

γ1 20.03 (20.10, 0.03) 20.21 (20.25, 20.17) 20.16 (20.23, 20.09) 20.04 (20.11, 0.01)

d0 21.34 (22.90, 0.10) 23.05 (23.46, 22.70) 21.32 (22.27, 20.55) 23.45 (24.84, 22.34)

d1 0.07 (20.04, 0.15) 0.10 (0.06, 0.14) 0.03 (20.09, 0.12) 0.08 (20.02, 0.16)

d2 20.30 (20.42, 20.20) 0.21 (0.18, 0.24) 20.06 (20.12, 20.01) 0.13 (0.04, 0.23)
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adult and larval P. ruber had higher detection probabilities
during sampling at later dates (Fig. 5A, B, Table 4).
DISCUSSION
Stream salamander populations are known to be re-

duced in streams affected byMTR-VF (e.g.,Wood andWil-
liams 2013, Muncy et al. 2014, Price et al. 2016), yet few
studies have examined the response of these populations
to specific stressors associated with MTR-VF including el-
evated SC.We investigated the association between SC and
stream salamander populations by conducting salamander
counts in 30 southeastern Kentucky streams across a con-
tinuous gradient of SC. We also assessed correlations be-
tween physical and chemical environmental attributes and
SC. We found that salamander occupancy decreased as
SC increased across all species and life stages. Furthermore,
abundance given occupancy of most species and life stages
decreased as SC increased. We found a positive correlation
between SC and % detritus and a negative correlation be-
tween SC and the number of rocks in the stream as well
as SC and % forest cover in the stream catchment. In addi-
tion, SO4

22, Ca12, Mg12, K1, and Na1 were positively cor-
related with SC. Thus, a limitation of our study is the in-
ability to tease apart the potential effects of physical and
chemical environmental attributes from the effects of SC
on patterns of stream salamander occupancy and abun-
dance. Furthermore, our results cannot identify causal fac-
tors, such as specific ions, potentially responsible for re-
duced salamander populations in sites with elevated SC.

We found that occupancy and abundance of most spe-
cies and life stages decreased as SC increased. Our results
support previous research findings on associations between
salamanders and SC.Miller et al. (2007) found that larval E.
cirrigera abundance was negatively related to SC in urban
streams, and Schorr et al. (2013) found that the occurrences
of 4 salamander species in southeastern Tennessee were
negatively correlated with elevated SC. In addition, our
findings complement previous studies of streams affected
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by MTR-VF mining that found declines in occurrence,
abundance, or species richness of fish and macroinverte-
brates as SC increased along a continuous gradient (Cor-
mier et al. 2013, Hitt and Chambers 2014, Hitt et al. 2016).

Reduced occupancy and abundance of stream salaman-
ders at the study sites may be caused by osmoregulatory
stress and reductions to survivorship. Chambers (2011)
found that increased SC led to elevated corticosterone lev-
els and altered activity and feeding behaviors in larval Jef-
ferson Salamanders (Ambystoma jeffersonianum; Green
1827). In addition, studies in saline environments, specifi-
cally those contaminated with road salt, have shown signif-
icant reductions in embryonic and larval survival of Spotted
Salamanders (Ambystomamaculatum; Shaw1802) andWood
Frogs (Lithobates sylvaticus; LeConte 1825) (Sanzo andHec-
nar 2006, Karraker et al. 2008). Furthermore, elevated SC
(>250 lS/cm) has been linked to malformations in develop-
ing amphibian larvae (Sanzo and Hecnar 2006). However,
previous studies on the response of amphibians to elevated
SC have largely focused on pond-breeding amphibians and
road salts. Our research fills an important gap by examining
the responses of stream salamanders to elevated SC. Future
research is needed on amphibian physiological responses to
component ions typical of streams draining MTR-VF land-
scapes as well as the combined toxicity of solutes.

A reduction of prey populations may explain the de-
creased occupancy and abundance of stream salamanders
along the SC gradient in our study. Elevated SC is known
to reduce the abundance, biomass, and diversity of aquatic
macroinvertebrates (Kennedy et al. 2003, Hartman et al.
2005, Pond et al. 2008, Pond 2010, 2012, Merriam et al.
2011, Cormier et al. 2013), which dietary studies have re-
ported are a major component of the stomach contents
of larval stream salamanders.Macroinvertebrates consumed
by larval stream salamanders are primarily larvae from the
orders Ephemeroptera, Plecoptera, Trichoptera, and Dip-
tera (Martof and Scott 1957, Caldwell and Houtcooper
Table 5. Posterior summaries for hierarchical mean parameters
(and 95% credible interval) for occupancy (lb0, lb1), abundance
(lγ0, lγ1), and detection (ld0, ld1, ld2). The means represent the
average values of their respective parameters across all sala-
mander species and life stages in the study.

Parameter Mean estimate (95% credible interval)

lb0 3.47 (2.61, 4.47)

lb1 20.24 (20.33, 20.15)

lγ0 2.75 (1.90, 3.52)

lγ1 20.09 (20.16, 20.02)

ld0 21.75 (22.65, 20.78)

ld1 0.09 (0.03, 0.14)

ld2 20.03 (20.19, 0.14)
Table 6. Posterior summaries for hierarchical variance parame-
ters (and 95% credible interval) for occupancy (rb0, rb1), abun-
dance (rγ0, rγ1), and detection (rd0, rd1, rd2). The variance pa-
rameters represent the variation in salamander species and life
stages. Parameters with smaller variance parameters are more
similar across all salamander species and life stages, whereas
those with larger variance parameters are less similar.

Parameter Mean estimate (95% credible interval)

rb0 0.39 (0.01, 1.29)

rb1 0.04 (0.00, 0.15)

rγ0 1.02 (0.56, 1.89)

rγ1 0.09 (0.05, 0.18)

rd0 1.33 (0.70, 2.39)

rd1 0.05 (0.00, 0.14)

rd2 0.22 (0.12, 0.42)
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1973, Davic 1991, Brophy and Pauley 1997, Cecala et al.
2007, Hutton et al. 2018). These orders show decreased
abundance and richness in streams with elevated SC (Pond
et al. 2008, Cormier et al. 2013). It is not unprecedented for
declining prey populations to affect higher trophic levels.
For example, Johnson and Wallace (2005) indicated that a
reduction in prey populations may decrease growth and
body condition in larval salamanders. In addition, Kraus
et al. (2016) reported that trout alter their foraging behaviors
and consume sub-optimal terrestrial prey in streams af-
This content downloaded from 074.1
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fected bymining activity. Furthermore, declines in abundance
of some fish species in streams with elevated SC appear to
be linked to decreased availability of aquatic macroinver-
tebrate prey (Hitt and Chambers 2014). Although we did
not measure the macroinvertebrate assemblage, our data
suggest that density of certain macroinvertebrates may be
reduced. For example, we found a positive correlation be-
tween SC and % detritus (Table 2), which previous studies
have linked to decreases in macroinvertebrate shredder
density and diversity (Fritz et al. 2010). Thus, reductions
Figure 4. Estimated mean abundances (solid black line) with pointwise 95% credible intervals (shaded gray region) for salamanders
detected at stream reaches along a continuous specific conductivity gradient in southeastern Kentucky, USA. Groups are denoted as
Desmognathus fuscus adults and larvae (DFA, DFL), Desmognathus monticola adults and larvae (DMA, DML), Eurycea cirrigera adults
and larvae (ECA, ECL), Gyrinophilus porphyriticus (GP), and Pseudotriton ruber (PR). We combined G. porphyriticus and P. ruber
adults and larvae because adult counts were low (n p 2) for these species.
31.163.164 on July 09, 2020 14:53:40 PM
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in salamander prey, such as shredders, may be a possible
mechanism leading to reduced occupancy and abundances
of salamanders in streamswith elevated SC.To examine this
potential mechanism, future research should focus on how
macroinvertebrate diversity and density, as well as salaman-
der diet, change in relation to SC.

We found evidence that several physical and chemical
environmental attributes were correlated with SC, which
suggests that SC may be one of many factors associated
with patterns of salamander occupancy and abundance in
Central Appalachian streams. For example, forest cover
within the stream catchments was strongly-negatively cor-
related with SC. Forest loss from logging, agriculture, or ur-
ban development can lead to population decline in some
stream salamander species (e.g., Barrett et al. 2010, Price
et al. 2011, Grant et al. 2016). Consequences of forest loss
for stream salamanders include changes to base flow condi-
tions in streams and warmer and drier conditions in forests
adjacent to streams, which reduces the quality of terrestrial
microhabitats and may inhibit population processes (e.g.,
Price et al. 2018). Reductions in forest cover near streams
also alter in-stream habitat conditions, such as substrate
composition (Lowe et al. 2004, Barrett et al. 2010). Indeed,
we found a negative correlation between the number of
rocks within our sampling reach and SC. Fewer rocks
within streamswith elevated SC is likely caused by the higher
This content downloaded from 074.1
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proportion of fine sediment in streams affected by MTR-VF.
Rocks may become buried in sediment in these streams,
which results in poor habitat for salamanders and can lead
to reduced abundances (Lowe et al. 2004).

We note the difficulty of teasing apart the effects of SC
on aquatic biota from the effects of other physical environ-
mental attributes, an observation which has been similarly
made by others (Pond et al. 2008, Hitt and Chambers
2014). However, we argue that elevated SC is an important
driver of salamander occupancy and abundances in the
study area. Our argument is based on the fact that stream
salamander species and life stages typically exhibit differ-
ential responses to physical environmental attributes, such
as forest cover and sedimentation, because of variations in
larval period, larval body size, and terrestrial habitat use by
adults (Price et al. 2011, Gould et al. 2017, Cecala et al.
2018). For example, Cecala et al. (2018) found that occu-
pancy of Blue Ridge Two-lined Salamander (Eurycea wil-
derae; Dunn 1920) larvae was not positively associated with
forest cover, whereas occupancy of Black-bellied Salaman-
ders (Desmognathus quadramaculatus; Holbrook 1840) was
strongly predicted by forest cover within stream catchments.
Similarly, previous studies have shown that species often
respond differently to alterations of in-stream habitat, with
some species (e.g., Eurycea spp.) being tolerant of sedimen-
tation (Keitzer and Goforth 2012). Thus, we would expect to
Figure 5. Model estimated detection parameters of last day of rain (A) and day of the year (B) for salamanders observed at stream
reaches along a continuous specific conductivity gradient in southeastern Kentucky, USA. The points represent posterior means, the
wide bands represent the central 50% credible interval, and the thin bands represent the central 95% credible interval. Groups are
denoted as Desmognathus fuscus adults and larvae (DFA, DFL), Desmognathus monticola adults and larvae (DMA, DML), Eurycea
cirrigera adults and larvae (ECA, ECL), Gyrinophilus porphyriticus (GP), and Pseudotriton ruber (PR). We combined G. porphyriticus
and P. ruber adults and larvae because adult counts were low (n p 2) for these species.
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see variation in responses to SC if forest cover, sedimen-
tation, or other factors were determining patterns of sala-
mander occupancy and abundance across the SC gradient.
Instead, we found similar responses to SC across species
and life stages, which suggests that SC may be strongly as-
sociated with patterns of occupancy and abundance in the
study area. We note, however, that SC is a measure related
to the concentration of ions in the water and that a specific
ion or ions may be the causal factor responsible for patterns
of salamander occupancy and abundance.

If SC drives patterns of salamander occupancy and
abundance in Central Appalachian streams, restoration ac-
tivities may need to emphasize repairing water chemistry.
Current restoration activities on MTR-VF sites focus on
restoring native forests (Angel et al. 2005). Although refor-
estation will clearly benefit some salamander species and
ameliorate some water quality issues, failure to address el-
evated ionic composition may prevent recovery of stream
salamander populations in streams affected by MTR-VF.
Treatment methods such as desalinization or stream crea-
tion may be necessary to restore habitat because elevated
SC persists for decades in streams draining MTR-VF sites
(Merricks et al. 2007, Pond et al. 2008). However, to fur-
ther tease out the influence of elevated SC on salamander
populations, physiological and dietary studies should be
conducted along the SC gradient to identify the mecha-
nisms behind the patterns of salamander occupancy and
abundance observed in our study.
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