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Abstract: Amphibians share several biological characteristics that may cause them to be sensitive to abrupt
transitions in microbabitat and microclimate that occur across forest edges. To better understand the impor-
tance of edge effects on amphbibians in a forested landscape, we sampled the distribution of populations along
drift fences placed perpendicular to silvicultural edges of varying contrast in central Maine. Within the com-
munity of amphibians sampled (14 species), salamanders generally were more sensitive to even-aged barvest-
ing and associated edge effects than were anurans, but forest babitat generalists and specialists were identi-
fied within both groups. We conservatively estimated the depth of edge effects at 25-35 m for a subset of
management-sensitive species (Plethodon cinereus, Ambystoma maculatum, A. laterale, and Rana sylvatica). An
index of edge contrast, calculated using ambient light penetration levels, was valuable in predicting the mag-
nitude of edge effects among sites that included silvicultural edges of different age and origin (old field plan-
tations versus recent clearcuts). Some structural microbabitat variables relevant to forest management were
identified as potentially limiting to amphibians near forest edges, including canopy cover, litter cover, and a
measure of stumps, snags, and their root channels. Our observations are consistent with the resulls of other
work on biotic edge effects in the eastern United States and suggest that impacts from intensive forest man-
agement practices extend beyond the boundaries of harvested stands.

Efectos de Bordes Silviculturales en la Distribucién y Abundancia de Anfibios en Maine

Resumen: Los anfibios comparten diversas characteristicas biologicas que pueden ser la causa de que sean
sensitivos a transiciones abruptas en microbdbitats y microclimas que ocurren a lo largo de los bordes de
bosques. Para entender mejor la importancia de los efectos de bordes en anfibios en un paisaje boscoso,
muestreamos la distribucion de poblaciones a lo largo de vallas de desvio colocadas perpendicularmente a
bordes silviculturales de contrastes variantes en la parte central de Maine, USA. Dentro de la comunidad de
anfibios muestreados (14 spp), las salamandras generalmente fueron mds sensitivas a la tala de edad con-
stante y efectos asociados al borde que los anuros, pero tanto especies generalistas y especialistas de babitat
boscoso fueron identificadas dentro de ambos grupos. Conservativamente estimamos la profundidad del
efecto de borde a 25-35m para un subset de especies sensitivas al manejo (Plethodon cinereus, Ambystoma
maculatum, A. Laterale y Rana sylvatica). Un indice de constraste de borde, calculado usando niveles de pene-
tracion de luz ambiental fue valioso para predecir la magnitud de los efectos de borde entre sitios que incluy-
eron bordes silviculturales a diferentes edades y origenes (plantaciones viejas contra clareados recientes). Al-
gunas variables estructurales de microbdbitat relevantes para el manejo forestal fueron identificadas como
potencialmente limitantes para anfibios cercanos a los bordes de bosques, incluyendo la cobertura del dosel,
cobertura de hojarasca y una medicion de varas, tocones y sus canales de raices. Nuestras obsevaciones son
consistentes con los resultados de otro trabajo en efectos biéticos de borde en el este de los Estados Unidos y
sugieren que los impactos de practicas de manejo forestal intensivo se extienden mas alla de los limites de los
sitios cosechados.

*email demaynad@umenfa.maine.edu
Paper submitted November 12, 1996; revised manuscript accepted May 7, 1997.

340

Conservation Biology, Pages 340-352
Volume 12, No. 2, April 1998



deMaynadier & Hunter

Introduction

Forest fragmentation can threaten native wildlife popu-
lations by eliminating blocks of continuous habitat or by
degrading the quality of remaining habitat for those spe-
cies sensitive to an increase in the amount of forest edge
(Yahner 1988; Murcia 1995). The effects of forest frag-
mentation have received a great deal of attention in agri-
cultural or densely populated regions, where important
impacts on passerine birds (Gates & Gysel 1978; Whit-
comb et al. 1981; Brittingham & Temple 1983; Wilcove
1985; Terborgh 1989) and vascular plants (Ranney et al.
1981; Ambrose & Bratton 1990; Palik & Murphy 1990;
Brothers & Spingarn 1992; Fraver 1994) have been docu-
mented. In these regions impacts on native biota from
habitat loss, isolation, and edge effects become a persis-
tent phenomenon following the incremental conversion
of forested matrix to agricultural and urban land uses.
But, the effects of silvicultural fragmentation in areas
that are mostly forested remains poorly understood and
actively investigated (Rosenberg & Raphael 1986; Small
& Hunter 1988; Yahner & Scott 1988; DeGraaf 1992;
Rudnicky & Hunter 1993a, 1993b; McGarigal & Mc-
Comb 1995; Mills 1995; Hagan et al. 1996).

Habitat fragmentation is a spatially and temporally dy-
namic process in forested landscapes subject to exten-
sive even-aged timber management. For example, the
size and juxtaposition of harvested and mature stands
vary, and young stands that are avoided by species asso-
ciated with mature forest may later provide primary hab-
itat (Hagan et al. 1996). Furthermore, edge effects pro-
duced by the contrast between recent clearcuts and
mature stands are diminished during forest succession
(Harris 1984; DeGraaf 1992). Although the process of
fragmentation in forested landscapes may generate only
temporary effects at the stand scale, cumulative impacts
to sensitive wildlife populations may be significant at the
landscape scale. For example, the intensity of industrial
timber management often limits the presence of mature
forest source-habitats from which colonists (propagules)
can reinvade nearby disturbed patches. This may be es-
pecially important to less mobile members of the forest
ecosystem, such as salamanders (Kramer et al. 1993),
vernal herbs (Meier et al. 1995), and flightless inverte-
brates (Mader 1984; Baur & Baur 1990).

The ecology of forest edges is characterized by
changes in biotic elements (parasites, predators, and
herbivores) and abiotic elements, (microclimate, distur-
bance regime) both of which have been implicated in
the negative edge effects documented in bird and plant
communities (reviews by Yahner 1988; Paton 1994;
Murcia 1995). Amphibians are the most abundant verte-
brates in many temperate forest ecosystems (Burton &
Likens 1975a), and their populations may play a critical
role in structuring communities of forest floor decom-
posers, thereby affecting nutrient cycling rates (Burton
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& Likens 1975b; Hairston 1987; Wyman, in press). But
despite increasing attention to relationships between
amphibians and forest management practices (de-
Maynadier & Hunter 1995), the effects of forest fragmen-
tation, and of edge effects in particular, remain largely
unstudied for this taxon (DeGraaf & Yamasaki 1992; de-
Maynadier 1996).

Amphibians share several biological characteristics
that may cause them to be especially sensitive to the
abrupt transitions in microhabitat and microclimate that
occur across forest edges (reviews by Saunders et al.
1991 and Murcia 1995; see also Brothers & Spingarn
1992; Chen et al. 1990, 1993a, 1993b). Many species
maintain close contact with forest floor substrates and,
unlike other forest vertebrates, have a highly permeable
skin that needs to remain relatively cool and moist for ef-
ficient respiration (Feder 1983). Physiological constraints,
coupled with relatively poor dispersal capabilities
(Sinsch 1990) and small home ranges (Stebbins & Cohen
1995), may cause many amphibian species to be espe-
cially sensitive to local changes in climate and microhab-
itat. Furthermore, the populations of several forest am-
phibian species are positively correlated with the
quantity and quality of coarse woody debris, litter depth
and moisture, understory vegetation density, and over-
story canopy closure (deMaynadier & Hunter 1995), sug-
gesting that many of the structural habitat changes char-
acteristic of management-induced forest edges are likely
to have important effects on local amphibian populations.

We examined the response of a forest amphibian com-
munity to edge habitats created by even-aged timber har-
vesting in central Maine. Our objectives were to (1) iden-
tify species-specific differences in sensitivity to forest
edges, (2) compare the relative influence of low- and
high-contrast edge boundaries, and (3) identify microhab-
itat elements relevant to forest management that may be
limiting to amphibian populations near forest edges.

Methods

Study Sites

We conducted our study on five privately managed
woodlots located within a heavily forested region of Pe-
nobscot County, Maine (latitude: 45°06'N, 45°16'N; lon-
gitude: 68°45'W, 68°53'W). At each site a relatively ma-
ture control stand abutted a treatment stand—a conifer
plantation or naturally regenerating clearcut—creating a
well-defined forest edge for study. Sites were chosen to
represent different levels of edge contrast based on the
age and management intensity of treatments (Table 1).
Control stands at the plantation study areas (sites 4 and
5) were composed primarily of northern hardwoods (Fa-
gus grandifolia, Acer saccharum, Betula alleghaniensis,
and Fraxinus americana), and both treatment stands
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Table 1. Description of forest stand treatments, controls, and edge characteristics of five study sites in central Maine.
Edge contrast

Site Treatment disturbance Control type Aspect gradient index*
1 2-year-old clearcut mixed woods, 70-90 years old west 0.927

2 9- to 11-year-old clearcut mixed woods, 70-90 years old south-southwest 0.854

3 9- to 11-year-old clearcut mixed woods, 70-90 years old south-southwest 0.558

4 5-year-old conifer plantation (Pinus resinosa)  northern hardwoods, 60-80 years old ~ west 0.883

5 25-year-old conifer plantation (P. resinosa and northern hardwoods, 70-90 years old ~ west 0.063

Picea abies)

*The correlation coefficient (Pearson) describing the relationship between ambient light penetration levels and position along a 140-m edge

transect.

showed evidence of past agricultural activity. In con-
trast, the clearcut study areas (sites 1-3) showed no evi-
dence of agricultural activity on treatments or controls
and were composed of conifer-dominated mixed woods
(Tsuga canadensis, Fagus grandifolia, Picea rubens,
and Betula alleghaniensis).

Amphibian Sampling

At each site we established one 140-m transect perpen-
dicular to the forest edge with five drift fences, each 20
m long and separated by 10-m gaps (Fig. 1). Each fence
included four pairs of pitfall traps spaced at 5-m inter-
vals. In this manner the transect was sampled at 0-10 m,
20-40 m, and 50-70 m from the forest edge in both con-
trol and treatment stands. Drift fences were constructed
of partially opaque polyethylene supported by mason
string, 40-50 cm high, attached to hardwood stakes. Pit-
fall traps buried along the fence’s edge consisted of two
number 10 cans taped end to end (36 cm depth) and a
funnel made from a plastic bowl to prevent escape by
climbing animals anuran metamorphs and red-backed

Forest edge

Even-aged treatment

70 m

salamanders (Plethodon cinereus). Local stand distur-
bances such as abandoned skidder trails, rock walls,
large canopy openings, and beaver flowages, coupled
with installation constraints inherent to drift fence con-
struction in rocky forest soils, prevented random place-
ment of sample transects. Instead, we intentionally
avoided previously disturbed areas of the forest and at-
tempted to locate transects as close to the middle of
each stand edge as possible. This design also helped to
avoid confounding edge effects caused by management
practices at the periphery of the stand.

‘We monitored all five drift fence transects continu-
ously from 1 June to 21 September 1993, for a total of
113 days. In addition, as part of a pilot season, we sam-
pled study sites 2 and 3 (9- to 11-year-old clearcuts) from
6 June to 4 October 1992. Trapped specimens were
identified, measured snout to vent (anterior angle), and
toe-clipped. Data from recaptured individuals were not
used in any analyses. Capture data for spring peepers
(Pseudacris crucifer) and gray treefrogs (Hyla versi-
color) were omitted from all analyses except those mea-
suring stand species richness because of the potential
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bias inherent during pitfall trapping of treefrogs @.e.,
trap and fence climbing; Dodd 1991; Gibbons & Sem-
litsch 1981). Traps were generally visited soon after rain-
fall events or after 7 days, whichever came first (average
length 4.8 days). When traps were checked, rainfall was
measured to the nearest 0.5 mm with a rain gauge lo-
cated in each treatment stand. Live animals were re-
leased approximately 5 m from the point of capture on
the opposite side of the drift fence to help minimize the
probability of immediate recapture.

Habitat Sampling

Habitat variables were chosen based on their relevance
both to forest management practices and to the natural
history of forest amphibians (Table 2). Visual estimates
of percent cover by seven categories of ground cover
were made in six 1-m? plots located in a 2-m radius cir-
cle centered around each paired-pitfall station (total of
24 plots per fence, 120 per transect). Litter depth mea-
surements (mm) were made with a ruler in the center of
each ground cover plot (Fig. 1). Seven physiognomic
vegetation categories (e.g., herbaceous plants versus
woody shrubs) were measured through visual estimates
of percent cover within three height classes (0-0.5, 0.5-3,
and >3 m) from 25-m? plots associated with each pitfall
trap (total of 8 plots per fence, 40 per transect). A visual
estimate of percent cover by woody slash was also re-
corded for each vegetation plot. Finally, a sunfleck cep-
tometer (Decagon Devices, Inc.) was used to measure
sunlight penetration to the forest floor, thus serving as
an index of total forest canopy density and a surrogate
measure of microclimate (Chen et al. 1993a, 1993b;
Matlack 1993). Sunfleck measurements were recorded
from 1100 to 1400 hours on cloudless days from each of
four cardinal directions centered 1 m above every paired-
pitfall station (total of 16 per fence, 80 per transect).
Field measurements of all habitat variables were con-
ducted from early August to early September of 1993.

Statistical Analyses

We eliminated trap data influenced by raccoon (Pro-
cyon lotor) or skunk (Mephitis mepbhitis) predation,
flooding, and temporary trap closures while damaged
fences were repaired. This resulted in variable levels of
trapping effort within and among study sites, so all statis-
tical comparisons of amphibian species abundance and
richness were made based on a standardized catch-per-
unit effort measurement (animals/100 trap nights). Data
collected during the 1992 pilot season (study sites 2 and
3) were included only in analyses of species richness
and recapture rates after we tested for year-specific dif-
ferences. Exact probability values are reported for all
univariate and multivariate statistical tests that yielded
significance levels less than 0.10. Statistical analyses
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Table 2. Microhabitat variables measured along clearcut-mature
forest edge transects in central Maine.

Habitat variables Transformations
Ground cover”
Woody cover log
Bare soil log
Rock dummy (0-1)
Conifer litter square-root
Deciduous litter none
Snag, stump, and/or roots (“bole-root”)  square-root
Moss square-root
Vegetative and structural characteristics®
Grass dummy (0-1)

Forbs and ferns
Nonvascular plants

square-root
square-root

Conifer canopy (>3 m) square-root

Hardwood canopy (>3 m) none

Midstory cover (0.5-3.0 m) square-root

Ground-level cover (0-0.5 m) none

Slash none
Other measurements®

Ambient light level log

Litter depth none
Distance to coarse woody debris log

“Based on visual estimates of percent cover for 1-m? plots.

b Based on visual estimates of percent cover for 25-m? plots. Data for
vegetation categories derived from beight-stratified (0-0.5, 0.5-3,
and >3 m) measurements of seven physiognomic classes, including
conifer trees, deciduous trees, woody shrubs, ferns, forbs, grasses,
and nonvascular plants.

“Ambient light penetration measured with a sunfleck ceptometer at
a height of 1 m; litter depth (mm) measured the organic layer with a
ruler; distance to coarse woody debris (cm) measured from individ-
ual pitfall stations to nearest suitable woody cover object (stump or
slash).

were conducted with the SYSTAT package (Wilkinson
etal. 1992).

We took advantage of major differences in manage-
ment history among our study sites by asking separate
questions and conducting separate analyses for the
pooled study sites (r = 5) and for the clearcut sites
alone (n = 3). Among clearcut treatments, simple linear
regression models were used to analyze the effects of
harvest-induced edges on amphibian distribution. Statis-
tical comparisons of specific regression models were
made using ¢ tests of slope coefficients (Zar 1984). To
identity preferred breeding habitat for the only entirely
terrestrial species in our study, we compared the rela-
tive proportion of immature red-backed salamanders
(<32 mm snout-vent length, Sayler 1966; Kleeberger &
Werner 1982) sampled from clearcuts and adjacent ma-
ture stands using data collected over 20 m from the for-
est edge. The effects of rainfall and seasonality on am-
phibian capture rates were analyzed by regression
analysis in forest control and harvest treatment loca-
tions, separately, in an effort to test the hypothesis that
climatic conditions exert a stronger influence on surface
activity in recently managed stands than in closed-can-
opy controls. Multiple regression analysis was also used

Conservation Biology
Volume 12, No. 2, April 1998



344  Amphibians and Forest Edge Effects

to explore the relationship between microhabitat avail-
ability and the abundance of species or groups (e.g.,
salamanders) with over 200 captures at clearcut study
sites. Models were constructed using forward, interac-
tive, stepwise regression methods, and only those vari-
ables with both ¢ values greater than 2.0 and tolerance
values greater than 0.1 were included in model con-
struction (Wilkinson et al. 1992). All microhabitat re-
gressions were performed using a subset of variables
that were not highly intercorrelated (r < 0.80).

Data from both clearcut and old field plantation study
sites were used to make general inferences about the ef-
fects of even-aged management practices on amphibi-
ans. Differences in species richness and overall abun-
dance for regenerating versus mature forest stands were
analyzed using paired ¢ tests after we corrected for dif-
ferences in trapping effort (trap nights). Through calcu-
lation of a simple “management-sensitivity index,” a sub-
set of species within the larger amphibian community
sampled (14 species) was identified as those potentially
most sensitive to even-aged forestry practices. The index
was constructed by calculation of the proportion of all
captures that were taken from drift fences located en-
tirely within closed-canopy control forest (20-70 m from
the edge). One-sample ¢ tests were used to identify spe-
cies or groups (i.e., ambystomids, aquatic ranids) caught
disproportionately often in this relatively undisturbed
portion of the transect. Using graphical analysis, we also
identified the depth of clearcut-induced edge effects on
“management-sensitive species.” A locally weighted re-
gression smoothing procedure (LOWESS, tension = 0.5;
Cleveland 1979; Wilkinson et al. 1992) helped to iden-
tify asymptotes in forest-interior capture abundance, sig-
naling the end of detectable edge effects.

Regression analysis and comparisons of slope coefti-
cients were used to evaluate the effects of low- and high-
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contrast edges (i.e., young versus old plantations and
clearcuts, respectively) on the distribution of sala-
manders and anurans. Finally, it was possible for us to
do a synthetic analysis of the effects of edge contrast
among all study sites by examining the relationship be-
tween closed-canopy forest captures (over 20 m from
the edge) of management-sensitive species and a quanti-
tative index of site contrast gradient. The site contrast
index measured the intensity of association (using Pear-
son’s correlation coefficient) between ambient light
penetration levels near the forest floor and position
along the 140-m forest edge transect.

Results

Effects of Harvesting, Rainfall, and Seasonality

A total of 2394 amphibians of 14 species (6 salamanders
and 8 anurans) was captured in 1993 (Table 3), with 9
species common to every study site. Two ranid species,
the leopard frog (Rana pipiens) and bullfrog (R. cates-
beiana), were limited in their distribution to a single
site that included a beaver flowage oriented parallel to
the edge transect and equidistant (=200 m) from clearcut
and control drift fences. The 4 most common species,
eastern newts (red efts; Notopbthalmus viridescens),
wood frogs (Rana sylvatica), and spotted (Ambystoma
maculatum) and red-backed salamanders, collectively
accounted for 73.1% of all captures.

Trap success in mature forest controls averaged 14.2
animals per 100 trap nights, slightly higher than the av-
erage capture rate for three upland forest types in New
Hampshire (11.8 animals per 100 trap nights; DeGraaf &
Rudis 1990). The capture rate was significantly lower
(t = 4.06, p = 0.015) in treated stands (clearcuts and

Table 3. List of amphibian species captured and their capture abundance from drift—fence transects bisecting forest edges in central Maine,

1993.
Number of sites

Species Common name Total captured where captured
Salamanders 1280

Notophthalmus viridescens eastern newt (red eft) 646 5

Ambystoma maculatum spotted salamander 358 5

Pletbodon cinereus red-backed salamander 230 5

Ambystoma laterale blue-spotted salamander 28 5

Eurycea bislineata two-lined salamander 15 4

Hemidactylium scutatum four-toed salamander 3 2
Anurans 1114

Rana sylvatica wood frog 515 5

Rana palustris pickerel frog 150 5

Rana pipiens leopard frog 147 1

Bufo americanus American toad 135 5

Rana clamitans green frog 135 5

Pseudacris crucifer spring peeper 26 5

Rana catesbeiana bull frog 3 1

Rana septentrionalis mink frog 3 2
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plantations), where 6.6 animals were captured per 100
trap nights, a value for which comparative results are
unavailable in New England. Significantly fewer sala-
mander species (means: 5.4 versus 4.4 species; t = 3.88,
p = 0.018) were found in treatment stands than in
paired controls, but no significant differences were de-
tected for anurans (5.8 versus 5.2 species; t = 0.46, p =
0.669) or for amphibians as a group (11.2 vs. 9.6 spe-
cies; t = 2.05, p = 0.109). The only species absent from
nearly all treatment stands (four of five) was the two-
lined salamander (Eurycea bislineata), a forest stream-
breeding plethodontid that actively forages and migrates
through upland habitats adjacent to riparian zones (Mac-
Culloch & Bider 1975; Conant & Collins 1991).

Rainfall and seasonality (early summer and fall versus
midsummer) helped to explain a significant proportion
of the variance in salamander capture abundance among
trapping periods (> = 0.26, p < 0.001). Salamanders
appeared to be most active on the forest floor, and thus
more vulnerable to pitfall capture, during rainy periods
in the early summer or fall. In contrast rainfall did not
enter the model for anuran captures, and season alone
accounted for a modest amount of variation (#*> = 0.11,
p < 0.001). We tested the hypothesis that forest floor
moisture conditions are relatively more limiting to sala-
manders on regenerating sites by comparing regression
models for the effect of rainfall on salamander activity in
treatment versus control stands separately. The model
for treatment stands had slightly better explanatory
power than the model for control stands @**=0.16,b =
0.37 animals/mm versus 72 = 0.13, b = 0.25 animals/
mm; both p < 0.001), but the difference in slope coeffi-
cients was not statistically significant (¢ = 1.13, df =
210, p < 0.25).
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Effects of Proximity to Edge

The location of clearcut edges had significant effects on
the relative abundance and distribution of several am-
phibian species and groups. For example, the abun-
dance of six species of salamanders and seven species of
anurans increased significantly with increasing proxim-
ity to forest interior locations @2 =0.79, b = 0.09 ani-
mals/m and r* = 0.63, b = 0.07 animals/m, respectively;
p < 0.001). Furthermore, differences in life history be-
tween six species that make extensive use of upland ac-
tivity areas (e.g., wood frogs: r? = 0.80, b = 0.10 ani-
mals/m, p < 0.001; see Fig. 2 for all species included)
and seven semiaquatic species that use upland habitats
mainly during dispersal or migration (e.g., bullfrogs:
r?=0.26,b=0.05 animals/m, p = 0.004) served as a
valuable distinction for predicting group response to for-
est clearcut edges (“residents” versus “dispersers”; test
of slopes: t = 3.37, df = 56, p < 0.001).

Using transect data from all five study sites, we made
an effort to rank abundant species (>100 captures) ac-
cording to an index of management sensitivity (Fig. 3;
see description of index in methods). Within each
transect, only two of five drift fences were located en-
tirely within mature, closed-canopy forest, yielding ex-
pected index capture rates of 40%. The subset of species
identified as sensitive to recent forest management prac-
tices included red-backed salamanders, wood frogs, and
mole salamanders (Ambystoma maculatum and A. lat-
erale). The proportion of closed-canopy transect cap-
tures for all three species or groups (averaging 71.4%,
66.2%, and 58.7% for red-backed salamanders, wood
frogs, and mole salamanders, respectively) was signifi-
cantly higher than expected on the basis of trapping ef-

35
30 -
25 -

20

15 -

10 - .

Dispersers (no. per 100 tn)

Transect (m)

Figure 2. Relative abundance of six species that make extensive use of upland activity areas (“residents”; includes
data from wood frogs, American toads, and red-backed, mole, and four-toed salamanders; 2 =0.80,b = 0.11 ani-
mals/m, p < 0.001) versus seven species that are semi-aquatic as adults and use upland babitats mainly during
dispersal or migration (“dispersers”; includes eastern newts, two-lined salamanders, and green, pickerel, leopard,
bull, and mink frogs; t* = 0.28, b = 0.05 animals/m, p = 0.003). Slope coefficients for the two groups are signifi-
cantly different (t = 3.37, df = 56, p < 0.001). Values on the x-axis indicate transect distance (m) into mature for-
est (positive values) or clearcuts (negative values). Abundance data (captures per 100 trap nights) were arcsine

transformed.
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Figure 3. Species ranked according to a “manage-
ment-sensitivity index.” Plotted points represent the
mean proportion of captures (n = 5) made in closed-
canopy drift-fence locations (>20 m into control
stands), and error bars indicate 1 SE around the
mean. Species with bigher index values (right side of
graph) were captured more often than expected (40%)
in relative forest interior transect locations. Asterisks
indicate statistical significance (p < 0.03). Common
name abbreviations are used for the following species:
AT, American toad; RANID, aquatic ranid frogs (5 spe-
cies); EN, eastern newt; S8/BS, spotted and blue-spotted
salamanders; WF, wood frogs; and RS, red-backed sala-
manders.

fort across the forest edge gradient. In addition, a signifi-
cantly greater proportion of immature red-backed
salamanders (<32 mm snout-vent length) were found in
clearcuts (23.08%, n = 39) than in adjacent mature
stands (10.43%, n = 230; Z = 1.963, p < 0.05). To sum-
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marize, several species appeared to prefer conditions
under closed-canopy mature stands, whereas others
showed weak or random associations with respect to
the location of forest edges. In contrast to the seral habi-
tat associations characteristic of northeastern forest bird
communities (e.g., Titterington et al. 1979; DeGraaf
1987; Thompson & Capen 1988), no members of the
amphibian community analyzed in this study appeared
specialized for early successional forest habitat.

For the subset of “management-sensitive species”
identified above, we used graphical analysis to approxi-
mate the depth of forest edge effects for control stands
abutting recent clearcuts (sites 1-3, <12 years old). A lo-
cally weighted regression smoothing technique (LOW-
ESS) fitted sigmoid curves to each of the species exam-
ined and revealed a consistent asymptote in the abundance
of forest interior captures at approximately 25-35 m

(Fig. 4).

Trends Related to Edge Contrast

Recently cut stands that contrast strongly with adjacent
mature forest create “hard edges” that are potentially
less permeable to species movements (Stamps et al.
1987; Yahner 1988) and more likely to generate strong
edge effects (Gates & Gysel 1978; Thomas et al. 1979;
Harris 1984; Angelstam 1986). We tested the hypothesis
that degree of edge contrast has an important effect on
the local distribution of salamander and anuran popula-
tions. First we examined sites with conifer plantations as
treatments (sites 4 and 5). A significant amount of the
variation in salamander captures (#2 = 0.59) and anuran
captures (#* = 0.67) was explained by distance from for-
est edge at the young plantation site, in contrast to the
older, closed-canopy plantation site (salamanders: r? =

Figure 4. Distribution of “manage-
ment-sensitive species” across forest-
clearcut edge transects. A locally
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weighted regression smoothing tech-
nique (LOWESS, tension = 0.5) fits sig-
moid curves for each species exam-
ined and indicates a consistent
asympiote in the abundance of forest
interior captures at approximately
25-35 m from the forest edge. Values
along x-axis indicate transect dis-
tance (m) into mature forest (positive
values) or clearcuts (negative values).
Abundance data (captures per 100
trap nights) were arcsine transformed.
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Figure 5. Relationsbip (r = 0.90, p = 0.05) between
“forest interior” captures of managemeni-sensitive spe-
cies (calculated as the ratio of control stand cap-
tures— >20 m from edge—ito treatment area cap-
tures) and an index of site contrast gradient
(calculated as the correlation coefficient of ambient
light levels and location along forest edge transect).
Managemeni-sensitive species include wood frogs,
mole salamanders, and red-backed salamanders, as
determined from previous analysis (Fig. 3). See Table
1 for a description of study sites.

0.06; anurans: 7> = 0.09) where edge effects were unde-
tectable. Furthermore, slope coefficients for the young
plantation edge were significantly greater than for the
older plantation edge for both both salamanders (¢ =
2.64, p < 0.01) and anurans (z = 2.42, p < 0.025).

For clearcut-induced forest edges, results varied de-
pending upon the taxon analyzed. For example, the re-
gression slope for salamander abundance versus dis-
tance from edge at the 2-year-old clearcut site @? =
0.73, b = 0.11 animals/m) was significantly greater than
the slope observed at older clearcuts (#> = 0.52, b =
0.06 animal/m; ¢ = 1.53, df = 26, p < 0.10), suggesting a
stronger response by salamanders to newly harvested
edges. Anurans, however, did not show the same pat-
tern of response to age of clearcut edges (young
clearcut: #?> = 0.55, b = 0.04 animals/m, p = 0.016;
older clearcuts: 7> = 0.68, b = 0.08 animal/m, p <
0.001). In summary, although anuran response varied by
treatment (plantation versus clearcut), there appeared
to be a positive relationship between edge contrast and
the magnitude of edge effects detected for salamanders.

In an effort to make landscape-scale inferences about
effects of forest management, we ranked each of the five
study sites with a quantitative index of contrast gradient
(index values describe the relationship between levels
of ambient light penetration and position along the 140-m
forest-edge transect; Table 1). An index of site contrast
gradient was significantly and positively correlated (» =
0.90, p = 0.05) with the proportion of management-sen-
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sitive species (i.e., red-backed salamanders, mole sala-
manders, and wood frogs) captured in relative forest in-
terior locations (20 m from edge; Fig. 5).

Microhabitat Relationships

Relationships between amphibian abundance and mi-
crohabitat characteristics of forest edges were analyzed
by means of correlation and regression analyses on a
subset of 18 uncorrelated (» < 0.80) habitat variables
(Table 2). In the investigation of microhabitat relation-
ships we were interested primarily in identifying habitat
elements limiting to amphibians in stands that had been
clearcut and left to regenerate naturally because inten-
sive site preparation for plantation establishment is rela-
tively uncommon in New England. Analyses were thus
confined to the three study sites with clearcut-induced
edges. The five best univariate associations and the sin-
gle best multivariate model (based on maximum ad-
justed r?) are presented in Table 4 for the most com-
monly captured species (>200 individuals) and for
larger groups—all salamanders (6 species) and aquatic
ranids (5 species).

Consistently significant relationships were found be-
tween species abundance and local canopy cover levels,
measured as either percent cover by conifers, deciduous
trees, and/or decreasing ambient light levels. For nearly
all species and groups examined we found a positive as-
sociation between capture rate and percent cover by
snags, stumps, and their associated root channels (“bole-
root” in Tables 2 and 4), a variable that may serve as an
index to the amount of available surface and fossorial
refuge sites. Variables describing litter characteristics
consistently ranked among the five best univariate mod-
els for several groups. Hardwood litter coverage and lit-
ter depth were both important habitat variables for red-
backed salamanders, mole salamanders, and salamanders
as a group, and conifer litter had significant predictive
value for aquatic ranids. Variables characteristic of log-
ging disturbances—bare soil, grass, and high ambient
light levels—generally had negative associations with
capture rates.

Finally, in contrast to the microhabitat results of oth-
ers (Bury & Corn 1988; Raphael 1988; Welsh & Lind
1991; Petranka et al. 1994; Dupuis et al. 1995), we
found that percent cover by downed woody material
was either unimportant or had negative relationships
with the abundance of some species. Woody ground
cover and slash accumulation was high on our treated
stands because of previous on-site delimbing practices.
Although harvest disturbances often generate a large
amount of coarse woody debris in close proximity to
forest edges (Williams-Linera 1990; Chen et al. 1992;
Mills 1995), the habitat value of the material may be lim-
ited if it is of recent decay class or small in diameter (of-
ten tops and branches only) and isolated from the syner-
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Table 4. Summary of regression analyses for amphibian-microhabitat relationships along transects bisecting recent forest-clearcut edges in

central Maine.”

Species/group Model variables b® r? (adjusted) P
Red-backed salamander ~ Ambient light - 0.433 <0.001
Hardwood litter + 0.397 <0.001
Hardwood canopy + 0.305 0.001
Conifer canopy + 0.236 0.004
Bare soil - 0.158 0.017
Hardwood litter, ambient light +,— 0.555 <0.001
Ambystoma spp.© Ambient light - 0.606 <0.001
Conifer canopy + 0.505 <0.001
Bole-root + 0.288 0.001
Woody cover - 0.244 0.003
Nonvascular plants + 0.192 0.009
Litter depth, conifer canopy, mid-story cover, hardwood +,+,—,+,+,+ 0.709 <0.001
canopy, forb-fern, bole-root
Eastern newt Conifer canopy + 0.432 <0.001
Ground-level cover - 0.320 0.001
Ambient light - 0.250 0.003
Slash - 0.194 0.01
Bole-root + 0.168 0.016
Moss, conifer canopy -+ 0.536 <0.001
All salamanders Conifer canopy + 0.565 <0.001
Ambient light - 0.559 <0.001
Woody cover - 0.349 <0.001
Bole-root + 0.248 0.003
Hardwood litter + 0.231 0.005
Hardwood canopy, bare soil, conifer canopy +,—,+ 0.682 <0.001
Wood frog Conifer canopy + 0.647 <0.001
Ambient light - 0.637 <0.001
Woody cover - 0.362 <0.001
Bole-root + 0.225 0.005
Nonvascular plants + 0.216 0.006
Ambient light, conifer canopy, grass —,+,— 0.743 <0.001
Aquatic ranids? Conifer litter + 0.220 0.005
Conifer canopy + 0.116 0.037
Bole-root + 0.081 0.07
Ambient light - 0.068 0.089
Hardwood canopy, conifer litter +,+ 0.322 0.002

“Up to five best single variables and the best multivariate model is given.

b Indicates whether regression correlation was positive or negative.
“Includes pooled data from Ambystoma maculatum and A. laterale.

4 Includes pooled data from all members of the genus Rana except wood frogs.

gistic effects of other important variables, such as canopy
cover.

Discussion

Species-Specific Trends

We documented a significantly lower abundance of am-
phibians and richness of salamanders in forest stands re-
cently disturbed by even-aged management practices
than in paired controls. This result is consistent with
those of other studies from the eastern United States (Bly-
myer & McGinnes 1977; Enge & Marion 1986; Pough et
al. 1987; Ash 1988; Petranka et al. 1993, 1994; Means et
al. 1996; Mitchell et al. 1996). But, unlike previous stud-
ies that intentionally avoided sampling near forest edges,
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we focused our trapping efforts there in order to ob-
serve species-specific responses to spatial and temporal
habitat gradients that occur along stand boundaries of
different age and management intensity.

Studying the distributional responses of species to
well-defined disturbance boundaries allowed us to dis-
tinguish forest habitat generalists from specialists within
the community of amphibians sampled. Most salamanders
appeared to avoid clearcuts and their edges more than
did most anurans, but clear exceptions existed within
both groups. For example, red-backed salamanders and
mole salamanders were most abundant along forest inte-
rior portions of the edge gradient. The terrestrial form of
the eastern newt, the red eft, can tolerate warmer and
drier conditions than can red-backed salamanders (Pough
1974), and our results suggest that they are also less
closely associated with forest interior habitats. Among
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anurans, wood frogs were more abundant in mature,
closed-canopy locations than were either American
toads (Bufo americanus), a species typically found in a
diversity of habitat types (Conant & Collins 1991; Hunter
et al. 1992), or any other ranid species. Comparing the
responses of individual species to abrupt forest edges al-
lowed us to identify a subset of the region’s amphibian
community that appeared to be relatively sensitive to
the effects of intensive forest management practices:
this subset consisted of red-backed salamanders, spotted
and blue-spotted salamanders, and wood frogs. Although
it may be tempting to generalize about the effects of for-
est fragmentation on amphibians as a group, particularly
because their response is poorly understood (Rosenfield
et al. 1992), our results suggest that species-specific dis-
tinctions are important.

In this study, red-backed salamanders, a member of
the Plethodontidae, appeared to be most sensitive to
clearcutting and forest edge effects, with quantitative
(Fig. 3) and qualitative differences between populations
in clearcut and mature forest stands. Qualitative differ-
ences may be related to the fact that adult red-backed
salamanders aggressively defend small patches of the
forest floor against intruding conspecifics (Jaeger 1981;
Jaeger et al. 1982; Mathis 1990). The higher proportion
of immature animals observed in recently harvested ar-
eas adjacent to mature stands suggests that open-canopy
sites may serve as sink habitat for nonbreeding “floaters”
(Mathis 1990) that are excluded from mature forest terri-
tories. Experimental evidence from natural habitats re-
veals significant correlations between snout-vent length
in red-backed salamanders and both the size of cover ob-
jects (Mathis 1990) and the quality and quantity of prey
(Gabor 1995) within a defended territory. Our results
suggest that relative canopy closure also needs to be
considered as a potentially important habitat attribute
selected by territorial salamanders. Another plethodon-
tid, the two-lined salamander, was strikingly absent from
recently managed stands (1 of 15 captures, 6.7%) in this
study. Clawson et al. (1997) similarly report that a re-
lated species, Eurycea longicauda, disappeared from
floodplain hardwood sites in Alabama that were recently
harvested by helicopter.

As a group, plethodontids may be especially affected
by forest canopy loss because of their almost complete
reliance upon cutaneous respiration. Because this form
of respiration is “diffusion limited,” it is most efficient
when the skin is moist and when ambient temperature
is cool (Feder 1983). Thus, opening the forest canopy
may be especially deleterious for these lungless sala-
manders. A recent review of forestry-amphibian relation-
ships identified plethodontids as a group particularly
vulnerable to population decline following clearcutting,
with 15 studies from across North America reporting
a five-fold median difference in abundance between
mature and recently harvested stands (deMaynadier &
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Hunter 1995). Therefore, the significance of forest edge
effects for amphibians may be particularly important in
regions, such as southern Appalachia, where plethodon-
tids make up a large proportion of the forest amphibian
fauna.

The Spatial Extent of Edge Effects

Estimates in the literature that quantify depth of biotic
edge effects are variable, probably due to differences in
the sensitivity and vagility of taxa examined (e.g., plants
versus birds), differences in methods of measurement
(e.g., abundance, richness, or proportion of exotic spe-
cies), and differences in study locations (e.g., latitude
and edge orientation). Despite these confounding influ-
ences, however, most authors have found that forest
edge effects disappear within the first 50 m for birds and
plants (see reviews by Paton 1994; Murcia 1995). Many
studies examining abiotic variables (e.g., air or soil mois-
ture and temperature and incident light levels) have doc-
umented effects within the range of 8-25 m (Kapos
1989; Williams-Linera 1990; Laurance & Yensen 1991;
Brothers & Spingarn 1992; Matlack 1993; reviewed by
Murcia 1995; but see Chen et al. 1990 for microclimate
effects up to 240 m). Because of the unique life history
characteristics that may make amphibians valuable as an
indicator taxon (Vitt et al. 1990; Dunson et al. 1992;
Blaustein et al. 1994), more work is needed to identify
the depth of forest edge effects for this group in differ-
ent landscapes.

Our results suggest that the abundance of some man-
agement-sensitive species are negatively affected to dis-
tances of 25-35 m (Fig. 4) along silvicultural edges as
old as 11 years, a penetration depth consistent with the
findings of most previous edge-response work. This esti-
mate may be conservative because (1) our control stands,
although relatively mature compared to the treatment
stands, were not as old as many of those used in previ-
ous studies, and (2) we lacked information beyond 70 m
into the control forest, where further changes in am-
phibian abundance might conceivably have occurred.
With regard to transect length, the limited data available
for amphibians near forest edges does not support the
notion that edge effects extend beyond 70 m. For exam-
ple, DeGraaf and Yamasaki (1992) sampled red-backed
salamanders across forest edges using cover boards, and
although they did not explicitly test for edge-effect dis-
tance, they observed an increase in salamander abun-
dance up to 65 m, after which captures declined. In a
study of a forest-meadow ecotone in northern Florida,
White (1983) reported no significant difference in cap-
ture abundance between pitfall traps placed directly at
the forest edge and traps located 100 or 200 m into the
forest interior. Regardless of the taxon being exam-
ined—salamanders, birds, or herbs—determining the in-
ward limit of edge effects is partly a subjective process
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because of the largely continuous and gradual nature of
changes that occur from the edge to the interior of a for-
est stand (Chen et al. 1992; Fraver 1994). Nevertheless,
empirical information for several forest taxa suggests
that the proportion of functional interior habitat de-
clines as the size of continuous forest stands decrease.

Edge Contrast in Forested Landscapes

Edge effects generated by logging practices are often
temporary and probably have less impact than effects
caused by maintained edges in agricultural landscapes
(Whitney & Runkle 1981; Angelstam 1986; Small &
Hunter 1988; DeGraaf 1992; Rudnicky & Hunter 1993a,
1993b; McGarigal & McComb 1995). In the short term,
however, modern harvest practices often create stand
boundaries that contrast greatly in vegetation structure
and composition. With a large proportion of eastern for-
ests under management, the cumulative effects of creat-
ing extensive amounts of edge habitat over large areas
and over long periods of time may be significant for
some forest interior species.

It has been speculated that forest edges of high con-
trast generate more intensive edge effects (Gates & Gy-
sel 1978; Thomas et al. 1979; Harris 1984; Angelstam
1986), but empirical data supporting this notion are lim-
ited and conflicting (Ratti & Reese 1988; Yahner et al.
1989; Noss 1991; DeGraaf 1992). Furthermore, edge
contrast evaluations are often subjective or based on ar-
bitrary stand-age difference criteria (Helle & Muona
1985; Laurance & Yensen 1991) rather than on objective
indices that describe structural habitat differences (Mc-
Garigal & McComb 1995). We used a quantitative index
of edge contrast based on changes in levels of ambient
light penetration across forest edge gradients, a variable
that not only provides information on overstory canopy
structure but also serves as a potentially valuable index
of forest floor microclimate for amphibians (Welsh &
Lind 1995, 1996). In this study, ranking sites according
to an ambient light penetration index yielded results
consistent with the hypothesis that edge effects are
strongest along high-contrast stand boundaries (Fig. 5).

Edge contrast is likely to be maximized when target
stands are harvested half-way through the rotation age of
adjacent maturing stands (Harris 1984), a practice that
can lead to reduced amounts of functionally available
forest interior habitat. In contrast, natural disturbances
seldom create abrupt forest edges characteristic of inten-
sively managed landscapes (Noss & Cooperrider 1994).
Disease, windstorms, and even stand-replacing forest
fires tend to leave biological legacies of live and dead
material that help to lessen the structural contrast be-
tween disturbed and intact stands (Hansen et al. 1991).
Indeed, many microhabitat features correlated with spe-
cies abundance in this and previous studies of amphib-
ian habitat relationships—Ilitter depth and type, canopy

Conservation Biology
Volume 12, No. 2, April 1998

deMaynadier & Hunter

cover, understory vegetation density, and cover refugia
abundance—are directly affected by intensity of forest
harvesting. Forest managers who are careful to maintain
some portion of these structural elements will probably
help minimize edge effects and hasten the rate at which
recently harvested stands are colonized by forest interior
species.
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