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Abstract. Hardwood forests of eastern North America have experienced decades of acidic deposi-
tion, leading to soil acidification where base cation supply was insufficient to neutralize acid inputs.
Negative impacts of soil acidity on amphibians include disrupted embryonic development, lower
growth rates, and habitat loss. However, some amphibians exhibit intraspecific variation in acid tol-
erance, suggesting the potential for local adaptation in areas where soils are naturally acidic. The
eastern red-backed salamander (Plethodon cinereus) is a highly abundant top predator of the northern
hardwood forest floor. Early research found that P. cinereus was sensitive to acidic soils, avoiding
substrates with pH < 3.8 and experiencing decreased growth rates in acidic habitats. However, recent
studies have documented P. cinereus populations in lower pH conditions than previously observed,
suggesting some populations may persist in acidic conditions. Here, we evaluated relationships be-
tween organic horizon soil pH and P. cinereus abundance, adult health (body size and condition),
and microhabitat selection, based on surveys of 34 hardwood forests in northeastern United States
that encompass a regional soil pH gradient. We found no associations between soil pH and P. cinere-
us abundance or health, and observed that this salamander used substrates with pH similar to that
available, suggesting that pH does not mediate their fine-scale distributions. The strongest negative
predictor of P. cinereus abundance was the presence of dusky salamanders (Desmognathus spp.), which
were most abundant in the western Adirondacks. Our results indicate that P. cinereus occupies a wider
range of soil pH than has been previously thought, which has implications for their functional role
in forest food webs and nutrient cycles in acid-impaired ecosystems. Tolerance of P. cinereus for more
acidic habitats, including anthropogenically acidified forests, may be due to local adaptation in repro-
ductively isolated populations and/or generalist life history traits that allow them to exploit a wider
resource niche.
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INTRODUCTION

Environmental changes caused by human ac-
tivities create new abiotic and biotic conditions
that may fall outside the tolerance limits for
which some species evolved (Vitousek et al. 1997,
Tilman and Lehman 2001). Rapid change to en-
vironments can lead to declines and local extir-
pations of populations unable to persist in novel
conditions, interrupting their roles in ecosystem
processes. Forests of northeastern North Ameri-
ca have undergone changes due to acidic depo-
sition, nitrogen inputs, and forest compositional
shifts—all of which alter biogeochemical cycles
and terrestrial ecosystems (Likens et al. 1970,
Federer et al. 1989, DeHayes et al. 1999, Driscoll
et al. 2001, Lovett et al. 2009). Deposition of sul-
furic and nitric acids accelerates the loss of essen-
tial nutrients (Ca, Mg, K) from forest soils, and in
areas where base cation supply is insufficient to
neutralize acid inputs, soil acidification can occur
(Johnson et al. 1994, Warby et al. 2009). Decreases
in soil pH, alongside depletion of essential nu-
trients, introduce novel and potentially stressful
conditions to local flora and fauna to which some
species may not be adapted. On the other hand,
soil habitats that are naturally acidic due to local
interactions between bedrock, climate, and veg-
etation may harbor native populations that are
tolerant to increases in acidification and maintain
a diverse and functional ecosystem. In addition,
generalist species that have greater plasticity in
their physiology and life history may be more
tolerant of a wide range of environmental con-
ditions and persist in altered habitats, provid-
ing some degree of resilience to environmental
changes (Richmond et al. 2005).

Many amphibian species are sensitive to soil
and water acidity, although species and pop-
ulations adapted to naturally occurring acidic
conditions may be more resilient to decreases
in pH. Acidic conditions in aquatic habitats
disrupt development, delay and reduce hatch-
ing success, and increase sodium loss from
amphibian embryos (Gosner and Black 1957,
Pough 1976, Freda and Dunson 1985a,b). In ter-
restrial environments, soil acidity negatively
impacts amphibian density and species rich-
ness (Wyman 1988, Wyman and Jancola 1992),
growth rates, and ion regulation (Wyman and
Hawksley-Lescault 1987, Frisbie and Wyman
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1992). While some species are relatively sensi-
tive to acidity, others exhibit considerable tol-
erance, such as those that breed in acidic bogs
(e.g., Lithobates (Rana) virgatipes and Hyla ander-
soni) and acidic woodland pools (e.g., Lithobates
(Rana) sylvaticus and Hyla femoralis) (Gosner
and Black 1957, Pierce 1985, Freda and Dunson
1986).

In addition to interspecific differences in tol-
erance to acidity, some species display consid-
erable intraspecific variation in tolerance, which
suggests local adaptation and geographic varia-
tion in physiological responses to environmental
acidity (Pierce 1985). Intraspecific variation has
been reported for survival and development of
amphibian embryos to acidic waters including
Ambystoma maculatum and L. sylvaticus (Cook
1983, and reviewed in Pierce 1985); these stud-
ies provide evidence that environmental acidity
may act as a selective pressure in local species
evolution. Natural soil acidity varies widely
across the northeastern United States due to lo-
cal geological conditions and topography (Bailey
2000), which may set the stage for geographic
variation in the acid tolerance of generalist am-
phibian species.

Terrestrial salamanders are abundant preda-
tors in forest ecosystems and play a significant
ecological role in forest food webs and nutrient
cycling (Davic and Welsh 2004, Semlitsch et al.
2014). Reductions in salamander populations
and local extirpations may lead to trophic cas-
cades and have ecosystem level consequences
(Burton and Likens 1975, Best and Welsh 2014).
The eastern red-backed salamander (Plethodon
cinereus)is the mostabundantsalamander—and
perhaps the most abundant vertebrate (Burton
and Likens 1975)—in the hardwood forests of
northeastern North America and southeastern
Canada. Plethodon cinereus is a top predator in
the soil detritus food web, and its density and
distribution regulate invertebrate assemblages
and their roles in decomposition and nutrient
cycling (Wyman 1998, Rooney et al. 2000, Wal-
ton et al. 2006, Walton 2013). Previous research
has shown that P. cinereus is sensitive to acidic
soils and avoid substrates with a pH below 3.8
(Wyman and Hawksley-Lescault 1987, Wyman
1988, Wyman and Jancola 1992, Sugalski and
Claussen 1997) and are found in greater abun-
dances in forests with higher soil pH and base
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cation availability (Beier et al. 2012). Labora-
tory experiments have shown that P. cinereus
exposed to acid substrates between pH 3-4
have reduced growth rates, while substrate
pH < 3 caused increased sodium efflux rates
and acute mortality (Wyman and Hawksley-
Lescault 1987). Overall these studies indicate
that very acidic soils can compromise the habi-
tat quality and health of P. cinereus, resulting in
lower abundance or local extirpation, especial-
ly in acid-impaired forests with lower pH than
occurs naturally in the region.

However, recent research suggests that some
local populations of P. cinereus are more tolerant
to acidic soils than previously thought. Moore
and Wyman (2010) described a population of
P. cinereus in the Lake Clair Watershed of east-
ern Canada where the pH of the forest floor was
3.0-3.2 and the pH of the upper mineral soil was
3.8-4.1 (Houle et al. 1997). This population sug-
gests that at least some P. cinereus individuals can
live in very low pH habitats, but to draw broader
conclusions about acid tolerance beyond this sin-
gle site and population, further study is needed.
Because of their significant ecological role in for-
est ecosystems it is important to understand how
these abundant vertebrates respond to variation
in soil acidity, and whether they persist in acidic
forests or are absent from these areas.

We investigated whether P. cinereus is sensi-
tive to acidic soils in northern hardwood forests
by evaluating the hypothesis that this species’
abundance, body condition, and adult body
size would decrease as soil pH decreased (i.e.,
as acidity increases). A gradient design incor-
porating 34 upland hardwood forests was used
to represent the breadth of regional variation in
soil acidity of northern hardwood forests, which
ranges from base-rich to naturally acidic and
anthropogenically acidified soils (Bailey 2000,
Driscoll et al. 2001). We evaluated relationships
between organic soil horizon pH and salamander
population metrics across the 34 upland forests,
and tested whether substrate pH influenced mi-
crohabitat selection of the forest floor at a subset
of sites. We predicted that if acidic soils are un-
favorable to P. cinereus, we would observe lower
abundance, smaller body size, and poorer body
condition at sites with low soil pH, and at the
microhabitat scale this salamander would select
substrates with higher soil pH.
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MATERIALS AND METHODS

Study region and site-level soils and vegetation data

We conducted this study at 34 northern
hardwood forests located within the White,
Green, and Adirondack Mountains of the
northeastern United States (Fig. 1). The study
region is part of the New England physiographic
province within the Appalachian Highland di-
vision. Lithology varies considerably across the
region; near-surface bedrock and parent material
includes granite, quartzite, dolomite, marble,
schist, amphibolite, and biotite gneiss in the
Green and White Mountains, whereas anortho-
site. underlies large areas in the central
Adirondacks (Bailey 2000). Soils of the region
are dominated by Spodosols and surficial de-
posits are glacial till. Variability in soil texture,
lithology, and topographic position contributes
to spatial heterogeneity in soil acidity, which
represents both natural conditions and those
exacerbated by acidic deposition (Sullivan et al.
2013). These sites are characterized as mature
hardwood forests with sugar maple (Acer sac-
charum), American beech (Fagus grandifolia), and
yellow birch (Betula alleghaniensis) dominant in
the overstory, with red spruce (Picea rubens)
and balsam fir (Abies balsamea) present at higher
elevations. The sites have varying topography
with an elevation range 250-885 m, and slopes
between 0% and 68% (Table 1).

Previous research measured soil chemistry at
our study sites, allowing us to sample a gradient
of soil acidity in northern hardwood forests (Ta-
ble 1). At 32 of the sites (excluding Bartlett-C82
and Bartlett-C85) soil pH was measured using
0.01 mol/L CaCl2 extraction. Soil data at 16 sites
in the White and Green Mountains (excluding
Bartlett-C82 and Bartlett-C85) are a composite of
three soil pits from the Oa/A horizon (see meth-
ods in Horsley et al. 2008). In the Adirondack
Mountains, soils data are averages of either four
(T-24-2, T-24-5, T-16-2, T-16-4; G. Lawrence un-
published data) or three (all other Adirondack
sites) soil pits from the Oa horizon (see methods
in Lawrence et al. 2008, Page and Mitchell 2008).
Soil samples from Bartlett Experimental For-
est (Bartlett-C82 and Bartlett-C85) in the White
Mountains were collected from the Oa horizon
and pH was measured in water (2:1 volume:
mass) with constant stirring (Multiple Element
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project, http://www.esf.edu/melnhe/, unpub-
lished data). This method yields a higher pH val-
ue compared with CaCl, extraction, so these sites
may fall higher on the soil pH gradient than if
they were measured using salt extraction (Ross
et al. 2015). The mean soil pH across all sites is
3.62 (Table 1), site VIBC01 has the lowest pH
(2.73) and VTEQO04 has the highest (5.54).

Salamander abundance and microhabitat selection
We performed time-constrained active cover
searches for terrestrial salamanders in the sum-
mers of 2011 (White and Green Mountain sites)
and 2013 (T-24-2, T-24-5, T-16-2, T-1l6-4
Adirondack sites) between June and August.
At each site, surveys were centered on the lo-
cation where previous soil sampling had oc-
curred and searches did not exceed more than
a 25 m distance from the starting location to
avoid entering areas with different soil chem-
istry. Searches were done by three observers
for 30 min and were focused on cover objects
of the forest floor and involved searching
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beneath course woody debris, bark, fern mats,
and rocks, and capturing all salamanders en-
countered (if a salamander escaped then the
species was noted). Salamanders were identified
to species and measured for total length (TL),
snout to vent length at anterior angle (SVL),
and maximum head width (HW), using digital
calipers to the nearest 0.1 mm, and body mass
was measured to the nearest 0.5 g with a hand-
held spring scale (Pesola, Switzerland! ). We
also incorporated data from previous surveys
by Beier et al. (2012) in June 2009 at 12 sites
in the Adirondack Mountains which involved
the same search effort.

We measured the canopy tree composition
at each site using fixed radius plots that were
placed within the center survey plot. In these
plots we recorded species, abundance, and di-
ameter at breast height (DBH; 1.3 m) of canopy
trees (DBH > 5 cm). To measure ground cover
we randomly placed 4-1 m? quadrats within the
center plot and visually estimated the percent-
age ground cover of herbaceous plants, coarse
woody debris, rocks, seedlings, and ferns.
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Table 1. Soil chemistry, forest cover type, and field characteristics for study sites in northeastern United States.
Total
Conifer  tree
Region and Deciduous over-  basal
Site SoilpH  Latitude Longitude Elevationf Slopef  Aspecti overstory story area
Adirondack Mountains
T-24-05 2.88 43.53468  -74.86005 708 19 SW 0.82 0.18 27.02
T-16-02 2.95 43.53347  —74.85342 716 26 S 0.96 0.04 29.97
BasicBuck§ 3.03 43.74012  -74.71065 646 15 N 0.94 0.06 25.05
T-24-02 3.11 43.53563  -74.86092 713 23 S 0.88 0.12 34.22
T-16-04 3.29 43.53361  -74.84910 716 12 NW 0.85 0.15 30.18
280118 3.52 43.64996  -74.67657 655 30 N 1.00 <0.01 27.89
HWF15§ 3.62 44.00433  -74.24788 627 5 S 0.79 0.21 47.37
NSpec§ 3.63 4353142  -74.38695 609 25 SE 1.00 <0.01 29.70
270268 3.80 43.69843  -74.74988 619 30 E 0.94 0.06 24.22
Mason§ 3.86 43.59337  —74.42912 582 20 E 1.00 0.00 44.01
280308 3.87 43.75045  -74.73892 567 15 S 0.99 0.01 27.61
240018 4.03 43.76776  -74.71442 561 20 NE 0.84 0.16 34.28
330T§ 4.09 4424080  -74.34871 520 0 N 0.99 0.01 24.29
280148 4.10 43.63881  —74.68411 668 20 N 0.96 0.04 28.93
NWoods§ 412 43.80930  -74.05002 487 35 w 1.00 0.00 44.96
HWF14§ 5.04 44.00382  -74.24552 624 25 SW 0.90 0.10 51.29
Green Mountains
VTBCO1q 2.73 44.09015  -73.05123 589 15 SW 0.98 0.02 34.55
VTWDO1] 2.81 43.36733 -72.9128 654 13 SE 1.00 <0.01 34.51
VTTVO11 3.40 43.38507  -72.84328 672 33 N 1.00 <0.01 49.32
VTOJO11 3.44 43.36156  —72.93236 515 15 SW 1.00 <0.01 35.44
VTEQO21 3.68 43.16293  -73.09455 481 15 E 1.00 0.00 28.00
VTEQO1 5.03 43.15896  -73.10113 641 68 E 1.00 0.00 45.66
VTEQO4 5.54 43.16018  -73.09677 499 55 E 1.00 0.00 37.29
White Mountains
NHCP06 2.98 43.90879  -71.60963 606 45 S 0.86 0.14 30.12
NHJB02 3.05 44.03342  -71.88412 843 28 SW 1.00 0.00 38.78
NHBO06 3.18 43.92865  -71.39465 885 60 E 091 0.09 39.89
NHJBO1] 322 44.03436  -71.89082 720 26 SW 1.00 0.00 23.47
NHCP051 3.30 4390723  -71.61177 578 23 SE 1.00 0.00 30.58
NHBOO01 3.44 43.92779  -71.38683 624 7 E 1.00 0.00 29.65
NHBO09 3.55 4391608  -71.38078 475 27 E 1.00 0.00 37.80
NHWHO1q 3.84 4398785  -71.90552 444 28 NE 1.00 0.00 62.91
NHSCO1q 3.89 43.97367  -71.18802 250 7 S 1.00 0.00 44.92
Bartlett-C82 4.04 44.054121  -71.29917 351 19 NE 0.99 0.10 35.57
Bartlett-C85 4.16 44.053793  -71.29767 333 11 NE 1.00 0.00 30.22

T Estimated from USGS 10-m digital elevation model (United States Geological Survey, National Elevation Dataset) for sites
in the Adirondacks, Bartlett-C82, and Bartlett-C85. At other sites elevation and slope were measured in the field.

} Estimated from USGS 10-m digital elevation model.

§ Data compiled from surveys done in the Adirondacks in summer of 2009 by Beier et al. (2012).
q Sites where surface soil cores were collected in 2012 at salamander use and random locations.

We used generalized linear models to analyze
P. cinereus abundance in relation to soil acidity,
vegetation characteristics, abundance of other
salamander species, and survey field conditions.
Models used a Poisson distribution with log-
link function and were compared using Akaike’s
Information Criterion corrected for small sam-
ple sizes (AICc), using maximum likelihood
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estimation of parameters. The independent vari-
ables were: organic soil horizon pH, presence of
Desmognathus spp. (D. fuscus and D. ochrophaeus),
slope, aspect, elevation, proportion of total basal
area of deciduous overstory trees, ground cover,
and moisture conditions. We included percentage
of coarse woody debris and ferns (ground cover
variables) to account for differences in habitat
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structure of the forest floor that can influence the
abundance of P. cinereus at a site (Grover 1998).
Cumulative precipitation 24 h prior to a survey
was included as a proxy for forest floor mois-
ture because salamanders come out from cover
objects following rain events to forage, increas-
ing their abundance in the leaf litter (Taub 1961,
Heatwole 1962, Jaeger 1972, 1980, Grover 1998).

We used resource selection analysis to deter-
mine whether salamanders select substrates with
higher pH. We compared the acidity of locations
where salamanders were collected to random
locations at a subset of sites (1 = 9) in the White
and Green Mountains in summer 2012 (Table 1).
At each salamander collection point (location) we
collected the top 10 cm of the Oa/A horizon using
a soil corer, and then replicated this core sample in
a location selected using a random direction and
distance within 10 m of the salamander’s location.
A total of 190 matched pairs were collected from
the forest floor using this method. Soil samples
were air-dried, sieved to remove wood pieces and
rocks, homogenized (10 g) with distilled deion-
ized water to make a paste, and measured using
a bench pH meter (Mettler Toledo, Ohio, USA).

A generalized linear mixed effects model was
used to test whether salamanders select micro-
habitats of the forest floor with higher pH. We
tested the main effects of site (nine levels), soil
core (salamander used vs. random location), and
the interaction of site*soil core on soil pH. We
added a random effect to account for the known
correlation between salamander and random lo-
cations due to site-level differences in soil pH.
Pairwise differences in soil pH at salamander
and random locations by site were assessed fol-
lowing Tukey—Kramer adjustment. The soil pH
used by juveniles was compared to that used by
adults using a t-test.

Body condition and adult body sizes

Body condition indices are used to quantify
the mass of an individual associated with en-
ergy reserves after the mass associated with
components of the body has been accounted
for (Schulte-Hostedde et al. 2005). We used the
residuals from an ordinary least squares re-
gression of log transformed body mass on a
linear measure of body size (log of TL) to
represent the mass associated with body reserves
(Schulte-Hostedde et al. 2005, Welsh et al. 2008).
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log(body mass) =f, +, xlog(total body length)
+8

A salamander with a positive residual has
higher body mass than would be predicted based
on its total length and is considered to be in
better condition than an individual with a neg-
ative residual value. Because body condition
changes with age and there is considerable vari-
ation in juvenile body sizes, we calculated re-
sidual indices for adults only to represent health
of the reproducing individuals of the population.
To compare adult body sizes and condition we
used individuals greater than 35 mm SVL
(N = 236) because that is the minimum size
when adults are mature in northern latitudes
(Leclair et al. 2006). We used Spearman rank-
order correlation to measure the strength of the
association between adult body condition and
sizes (SVL and mass), and site-level organic soil
pH. Statistical analyses were done using version
11.0 JMP statistical software (SAS Institute Inc.,
Cary, North Carolina, USA) and the significance
of association was tested at o = 0.05.

REsuLTS

Salamander abundance and soil acidity

We observed a total of 366 P. cinereus from
surveys in 2011 (Green and White Mountains)
and 2013 (Adirondack Mountains; sites T-24-2,
T-24-5, T-16-2, T-16-4). To these data we added
observations from 96 additional P. cinereus in
the Adirondack Mountains based on 2009 sur-
veys by Beier et al. (2012). The lowest P. cinereus
abundance was one individual at site 28014 in
the Adirondacks and the maximum was 33
individuals at VTEQO2 in the Green Mountains
(Fig. 2).

There was no association of P. cinereus abun-
dance with soil pH along the gradient represent-
ed among sites (Fig. 2). Based on AICc scores, the
soil pH model of P. cinereus abundance had less
support than a null model (Table 2). The mod-
el including presence of Desmognathus spp. and
aspect had the most support in explaining P. ci-
nereus counts per unit of search effort. There were
fewer P. cinereus where Desmognathus spp. were
present (3 =-0.70, P <0.001) and on north facing
slopes ( =-1.03, P < 0.001). The amount of rain-
fall the day before the survey and percent cover
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forests across the region (right y-axis). Bars shaded in black indicate where dusky salamanders (Desmognathus

spp.) were also present.

Table 2. Generalized linear models of Plethodon cinereus abundance in upland hardwood forests (n = 32) as a
function of environmental factors and presence/absence of dusky (Desmognathus spp.) salamanders, using

Poisson distribution with log-link function.

Model Parameters Estimate P value AlCc A AICc
Desmognathus spp. + Aspect 9 - - 240.3 -
Desmognathus spp. 1 -0.68 <0.001 - -
North slope 1 -1.11 <0.001 - -
Desmognathus spp. 2 -0.96 <0.001 252.0 11.7
Aspect 8 - - 265.3 25.0
North slope 1 -1.41 0.000 - -
Percent deciduous cover 2 2.38 0.004 316.7 76.4
Elevation 2 -0.00 0.005 317.8 77.5
Null 1 - - 3232 82.8
Slope 2 0.00 0.14 3233 83.0
24 h rain (cm) 2 0.04 0.487 325.0 84.6
Percent woody debris 2 0.00 0.820 3254 85.1
Soil pH 2 0.05 0.485 325.0 84.7

of coarse woody debris did not have support in
the model comparison (Table 2). Because Des-
mognathus spp. were primarily observed at sites
in the Adirondacks, we reevaluated the models
excluding sites where Desmognathus spp. were
present (n =12). For these sites, the soil pH model
had less support than the null model (AAICc > 2)
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and was not a significant predictor of P. cinereus
abundance (P = 0.39).

Body condition and adult body sizes

We collected morphometric data on a total
of 440 P. cinereus (Table 3). Of these, 54%
observed were classified as adults (mean SVL
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Table 3. Summary of morphometric measurements
of Plethodon cinereus populations in 34 northern
hardwood forests in the Adirondack, Green, and
White Mountains (USA).

Snout to vent
length (mm)
N Mean (SD)
Adirondack Mountains
Adult 96 39.0x3.1
Juvenile 60 26.8+5.8
Green Mountains
Adult 49
Juvenile 93
White Mountains
Adult 91
Juvenile 51
All sites 440
Adult 236
Juvenile 204

Mass (g)

Mean

Range Range

35.0-49.0
14.5-34.6

0.90£0.2
0.44+0.3

0.5-1.6
0.1-1.2

38.8+£2.6
27.7+5.7

35.0-46.4
15.6-34.8

0.93+£0.2
0.47+0.3

0.6-1.5
0.05-1.2

40.1+£3.0
28.3+4.3

35.0-49.7
16.5-34.9

0.88+0.2
0.37£0.2

0.4-1.6
0.1-0.8

39.4+3.0
27.6+54

35.0-49.7
14.5-34.9

0.89+0.2 04-1.6
0.43+0.2 0.05-1.2

= 39.4 mm; mean body mass = 0.89 g) and
46% were juveniles (mean SVL = 27.6 mm;
mean body mass = 0.43 g).

Body size and condition of adult P. cinereus
did not vary with soil acidity (Fig. 3). Adults
had similar body sizes across the soil pH gra-
dient, and there were no correlations between
soil pH and SVL (Fig. 3a; 0 = 0.07; P = 0.34) or
mass (Fig. 3c; 0 =-0.01, P = 0.90). The body con-
dition of adults did not vary with soil pH (Fig 3b;
0=-0.02, P=0.72).

Acidity of microhabitats

Across a subset of sites (n = 9), the mean pH
at locations occupied by P. cinereus (4.47) closely
approximated the mean pH at random locations
(4.46; Fig. 4). The most frequently used substrates
had a pH range between 3.8 and 4.4 (42% of
observations), and 12% of P. cinereus were found
at locations with pH < 3.8. The lowest soil pH
used by an individual P. cinereus was 3.49 at
two sites (NHCPO5 and VTBCO1). Juveniles
(SVL < 35 mm) were found on substrates less
than 3.8 pH approximately 13% of the time.
Juveniles were observed in microhabitats with
pH similar to that of adults (T = 1.12, P = 0.23).

Plethodon cinereus did not select locations of the
forest floor with a significantly different pH than
locations randomly available in the immediate
vicinity (Fig. 5). There was no significant effect
of soil core location (salamander use vs. random)
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on forest floor pH (P = 0.60; F = 0.26). Salaman-
ders occupied substrates with significantly dif-
ferent pH values among the 9 sites (P < 0.0001;
F =59.7), with the lowest mean pH of 3.77 (+0.18)
at VTBCO1 and highest of 5.24 (+0.58) at VTEQO02.
However, the actual pH range of microhabitats
where P. cinereus were observed may be more like-
ly between pH 2.7-4.3. We note that pH values
reported above in the habitat selection analysis,
based on soil cores, may be overestimated by 0.7-
1.0 pH units relative to the site-level pH measures.
For example, the site-level pH of 2.73 at VTBCO01
is roughly ten times more acidic than the average
forest floor pH of 3.77 measured via soil cores. This
discrepancy was due to laboratory assay methods
of the soil cores (pH in water) vs. site-level (CaCl,
extraction) to measure pH (Ross et al. 2015).

DiscussioN

We found no relationship between soil acidity
and the abundance or health of eastern red-backed
salamanders in northern hardwood forests, based
on the most extensive surveys conducted to date,
in terms of geographic variation and across a
range of soil acidity. We observed P. cinereus
populations in five forests with extremely acidic
soils (pH < 3.0), which was unexpected given
that lethal pH limits for P. cinereus have long
been thought to be pH 2.5-3.0 (Wyman and
Hawksley-Lescault 1987). Plethodon cinereus used
microhabitats with similar pH to randomly chosen
locations in their environment, suggesting that
pH does not limit fine-scale distribution on the
forest floor at these sites. Overall our results
suggest P. cinereus can persist across a wide
range of habitat acidity, including anthropogen-
ically acidified soils resulting from chronic sulfate
and nitrate deposition (Driscoll et al. 2001).

Our findings contrast with foundational stud-
ies of P. cinereus tolerance of soil chemistry. Earlier
studies were conducted in forests of southeastern
New York, where soils are influenced by underly-
ing limestone, which is a common bedrock type,
and a component of glacial till parent materials
(Wyman and Hawksley-Lescault 1987, Wyman
1988, Frisbie and Wyman 1992, Wyman and Jancola
1992). At these sites mean soil pH ranged between
3.9 and 4.0 (Wyman and Hawksley-Lescault 1987,
Wyman 1988); whereas we sampled a wider gra-
dient of soils and included both natural acidic and
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Fig. 3. Variation in adult Plethodon cinereus a) snout to vent length, b) body condition index, and c) live
biomass as a function of organic (Oa horizon) soil pH, based on surveys of 34 upland hardwood forests in
northern New York, Vermont and New Hampshire (USA).

anthropogenically acidified soils with an overall
mean pH of 3.65 (+0.64). We also found no evidence
that P. cinereus select substrates with higher pH than
nearby random locations on the forest floor, which
also contrasts with prior evidence of selection for
less acidic microhabitats (Wyman and Hawksley-
Lescault 1987, Sugalski and Claussen 1997).

If there is unfavorable habitat in their environ-
ment P. cinereus should repeatedly avoid it and
select for more preferable conditions, so during
any given survey the salamanders should be dis-
tributed at more suitable locations with higher
frequency. Our habitat selection analysis showed
that eastern redbacks were not distributed across
the forest floor in microhabitats with higher soil
pH. Microhabitat selection by plethodontid sala-
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manders is a combination of biotic (e.g., presence
of conspecifics, other salamander species, and
prey) and abiotic conditions (e.g., soil moisture,
temperature, pH) (Heatwole 1962, Wyman and
Hawksley-Lescault 1987, Sugalski and Clauss-
en 1997, Grover 1998, Jaeger 1990, Quinn and
Graves 1999). We recognize the limitations of our
habitat analysis because we are unable to isolate
the importance of substrate pH within the con-
text of other environmental variables. A resource
selection analysis that incorporates measures of
soil moisture, temperature, presence of prey and
other salamanders, would help elucidate wheth-
er soil pH limits the amount of suitable habitat
for P. cinereus on the forest floor. We note that
the pH measurements used for habitat selection
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Fig. 4. Distributions of forest floor pH of samples
collected at salamander use and random locations in
nine upland hardwood forests in Vermont and New
Hampshire (USA). Gaussian (normal) probability
distributions were fitted to estimate parameters.

analysis (soil cores measured with deionized
water extraction) were on average 1.04 pH units
higher than the site-level measurements (soil
pit samples measured with CaCl, extraction).
In general, pH measurements in deionized wa-
ter tend to be up to ~0.7 units higher than those
reported using salt (CaCl,) extraction (Ross et al.
2015). As a result, we probably underestimated
substrate acidity (i.e., overestimated pH) in the
habitat selection analysis, however, this error
was much smaller than the pH gradient sampled.

Local adaptation may explain observations
that P. cinereus can tolerate a lower pH than indi-
cated by previous field and laboratory studies. In
areas where soils are naturally base-rich, includ-
ing the early studies noted above done in south-
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eastern New York, local P. cinereus populations
may never encounter very low pH in situ, and
therefore may be adapted to the basic conditions
of the locality and unable to tolerate very acidic
substrates simulated in a laboratory. In contrast,
in regions where soils are naturally acidic P. ci-
nereus populations may have developed local
adaptation(s) for lower pH tolerance (Moore and
Wyman 2010). In theory, if selective pressures
were sufficiently strong, these populations may
have become gradually more acid-tolerant as soil
acidification occurred via natural processes and/
or anthropogenic inputs (Driscoll et al. 2001). Sev-
eral studies have found that amphibians exhibit
intraspecific variation in response to environmen-
tal stressors (e.g., road salts and some pesticides),
implying that evolutionary change can occur on
an ecological time scale (Carroll et al. 2007, Brady
2012, Cothran et al. 2013, Hopkins et al. 2013).
Populations of Rana arvalis breeding in acid wa-
ters have higher acid tolerance based on embryo
survival, hatching success, and time to metamor-
phosis (Andrén et al. 1989, Rasdnen et al. 2003).
Pond-breeding salamanders of the northeastern
United States have also exhibited geographic
variation in acid tolerance; Notophthalmus virides-
cens and Ambystoma maculatum from acidic ponds
had higher survival when exposed to low pH
conditions than those from basic localities (Cook
1983, Sherman and Munster 2012). For eastern
red-backed salamanders, genetic differentiation
of local populations over short distances (200 m)
and limited dispersal (Cabe et al. 2006) suggest
that reproductive isolation could facilitate rapid
selection for acid tolerance if selective pressures
are strong enough. Although we did not assess
survivorship, we found no evidence that sala-
mander size or body condition was lower in very
acidic habitats. Transplant experiments could be
used to evaluate the hypothesis that local P. ci-
nereus populations have developed tolerance to
acidic habitats.

A second potential explanation for the pH tol-
erance of P. cinereus is the generalist life history
of this species, which may allow it to exploit
a wider resource niche as conditions change.
Numerous studies have demonstrated that P. ci-
nereus is a dietary generalist, feeding widely on
the extant variety of leaf litter invertebrates in
the forest floor (Burton 1976, Fraser 1976, Maerz
et al. 2005, Snyder 2011). At acidic sites, the costs
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of being a generalist associated with the physio-
logical challenges of exploiting a wider resource
niche may be outweighed by the benefits of being
able to exploit low pH environments (Richmond
et al. 2005). Plethodon cinereus has the widest geo-
graphical range of the genus, and possesses con-
siderable morphological (e.g., plasticity in head
shape) and behavioral variation, which may en-
able it to exploit a wide range of environmental
conditions (Maerz et al. 2006, Adams et al. 2007).

Because we sampled salamander communities
across an area that included sympatric distribu-
tions of other woodland salamanders we were
able to observe biotic factors correlated with
P. cinereus abundance, such as interspecific inter-
actions (Gibbs et al. 2007). In the Adirondacks,
Beier et al. (2012) found an inverse relationship
between P. cinereus and Desmognathus ochrophae-
us abundance along a gradient of soil calcium
and pH, with D. ochrophaeus dominant on very
acidic sites, P. cinereus dominant on base-rich
sites, and each in equal abundance at the gradi-
ent midpoint. These findings were interpreted as
confirmation that P. cinereus requires base-rich
habitats. However, when these Adirondack sur-
veys were incorporated in our current study—
including sites outside of the range limits of
D. ochrophaeus in eastern North America—the pH
of the forest floor habitat was no longer an im-
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portant factor explaining P. cinereus abundance.
Based on our surveys, the presence of Desmog-
nathus spp. was the best predictor of P. cinereus
abundance in northern hardwood forests due to
the presence of D. ochrophaeus at the Adirondack
sites with fewer P. cinereus. Desmognathus ochro-
phaeus breeds in small seepages and adults are
found in the adjacent terrestrial habitat beneath
logs and rocks (Gibbs et al. 2007). Where the two
species are sympatric, there may be territorial an-
tagonism and competition for resources, because
D. ochrophaeus will displace P. cinereus from cover
objects and drive off intruders to maintain their
territories (Smith and Pough 1994). It remains
unknown whether D. ochrophaeus has a lower
pH threshold than P. cinereus in the Adirondacks
and is therefore able to exclude or reduce coloni-
zation by P. cinereus. Another explanation could
be related to different habitat requirements. Be-
cause D. ochrophaeus requires running water (e.g.,
seeps) for breeding and larval development, and
adults rarely travel more than 100 meters from
a water source (Pauley 1995), we most likely
observed greater D. ochrophaeus abundance in
some Adirondack forests due to some aspect of
their habitat, such as ephemeral stream channels
or spring soil moisture (Moore et al. 2001).

Our estimates of P. cinereus abundance were
low compared to surface counts from other
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northern hardwood forests, as well as popu-
lation densities based on studies that incorpo-
rate detection probabilities (Burton and Likens
1975, b, Wyman and Jancola 1992, Mathewson
2009, Semlitsch et al. 2014). To obtain density
estimates of terrestrial amphibians, repeated
surveys, and mark-recapture efforts within a
defined area are required to calculate detection
probabilities. In this study, we were unable to
calculate densities of salamanders per unit of
search area because we used timed-constrained
searches and only searched each site once. Be-
cause salamanders are fossorial and spend
significant amounts of time below the surface,
cover searches only account for 2-32% of the
total individuals present (Taub 1961, Petranka
and Murray 2001). It remains unknown wheth-
er the populations we observed are remnant
and persisting under acidic conditions at low
abundances; further research at the very acid
sites (pH < 3.0) that incorporates detection
probabilities and density estimates could help
to address these questions.

We compared P. cinereus abundance and body
metrics with acidity of the Oa/A horizons that
serve as their primary habitat. Some surveys
(Taub 1961) found P. cinereus up to 0.30 m deep,
but in floodplain soils. These woodland salaman-
ders have limited ability to burrow and primarily
move down through soft organic substrates such
as leaf litter or humus (Heatwole 1960). In our
collective experience conducting soil and faunal
sampling in these forests, we have never encoun-
tered P. cinereus in the coarse textured mineral
soil horizons (B and C). For these reasons, we are
confident that our measures of organic soil hori-
zon pH reflect the typical habitat conditions for
P. cinereus in these northern hardwood forests.

The tolerance of the eastern redback salamander
to very acidic conditions has broad ecological im-
portance given the species’ critical role in structur-
ing food webs as well as nutrient cycling processes
in northern hardwood forests (Burton and Likens
1975). Our study did not measure population pa-
rameters such as survival, fecundity, or recruit-
ment, and therefore cannot make projections of
population size or demographics as a function of
habitat chemistry. However, we can confidently
report that P. cinereus does persist in areas with
very acidic organic soils and has not been extirpat-
ed from acid-impaired ecosystems. We observed a
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P. cinereus population at the lowest pH yet record-
ed for the species (2.73) in the Green Mountains
of Vermont. Local adaptation, as well as general-
ist life history traits may enable such tolerance of
acidic conditions, which were previously thought
lethal. Such mechanisms can be investigated using
transplant experiments along natural and anthro-
pogenic gradients in forest soil acidity.
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