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Abstract: Terrestrial salamanders of the family Plethodontidae have unique attributes that make them excel-      
lent indicators of biodiversity and ecosystem integrity in forested habitats. Their longevity, small territory     
size, site fidelity, sensitivity to natural and anthropogenic perturbations, tendency to occur in high densities,     
and low sampling costs mean that counts of plethodontid salamanders provide numerous advantages over     
counts of other North American forest organisms for indicating environmental change. Furthermore, they      
are tightly linked physiologically to microclimatic and successional processes that influence the distribution     
and abundance of numerous other hydrophilic but difficult-to-study forest-dwelling plants and animals. Eco-      
system processes such as moisture cycling, food-web dynamics, and succession, with their related structural      
and microclimatic variability, all affect forest biodiversity and have been shown to affect salamander popu-      
lations as well. We determined the variability associated with sampling for plethodontid salamanders by esti-      
mating the coefficient of variation (CV) from available time-series data. The median coefficient of variation     
indicated that variation in counts of individuals among studies was much lower in plethodontids (27%) than      
in lepidoptera (93%), passerine birds (57%), small mammals (69%), or other amphibians (37-46%), which     
means plethodontid salamanders provide an important statistical advantage over other species for monitor-      
ing long-term forest health. 
 
Caso Sobre el Uso de Salamandras Plethodóntidas en el Monitoreo de la Biodiversidad y la Integridad del Ecosistema      
de Bosques de Nortéamerica 
 

Resumen: Las salamandras terrestres de la familia Plethodontidae tienen atributos únicos que las hacen exce-     
lentes indicadores de la biodiversidad y la integridad del ecosistema en hábitats forestales. Su longevidad, sus 
territorios de tamaño pequeño, su fidelidad de sitio, su sensibilidad a las perturbaciones naturales y antro-     
pogénicas, su tendencia a ocurrir en densidades altas y los bajos costos de muestreo indican que los conteos de 
salamandras plethodóntidas proveen numerosas ventajas sobre otros organismos de los bosques de Norte-     
américa para representar cambios ambientales. Además, estas salamandras están estrechamente ligadas fisi-
ológicamente a procesos microclimiáticos y sucesionales que influencían las distribuciones y abundancias de     
otras especies de plantas y animales bidrofilicas que babitan los bosques, pero que son dificiles de estudiar. Los 
procesos de los ecosistemas tales como el ciclo de humedad, las dinámicas de la red alimenticia y la sucesión,     
con su variabilidad estructural y microclimática inherente, afectan la biodiversidad forestal y ba sido demo-     
strado que afectan también a las poblaciones de salamandras. Determinamos la variabilidad asociada con el 
muestreo de salamandras plethodóntidas mediante la estimatión del coeficiente de variatión (CV) a partir de da-     
tos accesibles de series de tiempo. La mediana del CV indicó que la variatión en los conteos de individuos entre 
estudios fué mucbo menor en pletbodóntidos (27%) que en lepidópteros (93%), aves paserinas (57%), mamíf-     
eros pequeños (69%) y otros anfibios (37-46%), to cual significa que las salamandras plethodóntidas proveen una 
importante ventaja estadistica sobre las otras especies para el monitoreo a largo plazo de la salud del bosque. 
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Introduction 
 
Ecosystems are combinations of plants, animals, mi-
crobes, and the physical environment that coexist as in-
terdependent, functional units within climatically, geo-
logically, and geographically defined boundaries. If the 
naturally occurring sets of these species and their re-
spective physical habitats are present and self-replicat-   
ing within an area, then the components and processes    
that constitute a functioning ecosystem are present and     
the biological integrity (Karr 1991) of that ecosystem is 
being maintained. The introduction of stressors-physi-     
cal, chemical, or biological entities that cause an adverse 
ecological effect (Lowrance & Vellidis 1995)-can dis-     
rupt this ecological integrity (Karr 1996) and threaten 
ecosystem processes and inherent stability (i.e., resist-     
ence and resilience; Waide 1995). Stressors act on organ-
isms and/or their habitats by disrupting the ability of spe-
cies (or assemblages) to survive and reproduce. Through 
such negative ecological effects or responses, ecosystem 
functions are disrupted and ecosystem stability is put at 
risk. The first signs of environmental stress usually occur  
at the population level, affecting especially sensitive spe-
cies (Odum 1992). It follows, therefore, that an effective 
program designed to monitor ecosystem stability in-     
cludes measures that assess the status of some putative 
sensitive species. 

Although it is desirable to monitor all the plants and 
animals in a region (alpha richness), the number of spe-
cies and the cost associated with developing a statis-   
tically appropriate sampling frame renders this imprac-
tical. Consequently, it makes sense to find surrogates 
whose changes in presence or abundance are likely to 
fluctuate with changes in the system, but that are rea-
sonably easy, cost-effective, and statistically appropriate to 
monitor. Such surrogates should quickly reflect changes in 
the status of major aspects of the ecosystem (Simber-loff 
1998; Caro & O'Doherty 1999). 

In forest ecosystem monitoring, key habitat and vege-
tation features makes sense because of their importance     
to many medium- and large-sized wildlife species and their 
dominant role in structuring the ecosystem (e.g., large  
trees and downed logs in the late-seral forests of the Pa-
cific Northwest). Such components are advantageous be-
cause they do not move and some can be remotely sensed. 
Nevertheless, in the case of smaller organisms and pro-
cesses, which may operate somewhat independently of 
larger habitat elements, it may make more sense to look   
for other surrogates at a different spatial scale. Of par-
ticular interest are species, such as keystone species,  
whose life histories are tightly intertwined with other  
small life forms and fine-scale forest ecosystem processes 
(Power et al. 1996; Simberloff 1998). 

Forest amphibians, particularly salamanders, have a 
number of characteristics that make them excellent can-
didates for monitoring forest ecosystems. They occur 
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syntopically with many other small forest plants and ani-   
mals, are often numerous (Fig. 1), can be easily and       
cheaply sampled, are functionally positioned at mid-levels       
in the food web, and are highly sensitive to stressor-       
induced perturbations of many sorts (Vitt et al. 1990;       
Olson 1991; Wake 1991; Blaustein et al. 1994; Welsh & 
Ollivier 1998). We present ecological, life-history, and 
statistical arguments for the inclusion of terrestrial sala-
manders in forest monitoring. 
 
 
Advantages of Plethodontid Salamanders for 
Forest Monitoring 
 
Wide Distribution and Lack of a Need for Aquatic Habitats 
 
The plethodontid salamanders (family Plethodontidae)      
offer some unique attributes that make them good indi-      
cators of the status of forest ecosystems. This is the larg-      
est of the world's 10 salamander families, and one that is 
restricted primarily to the New World (Duelhnan 1999).      
The majority of its members are characterized by com-      
plete suppression of the aquatic larval stage, eggs laid in 
terrestrial nests, and hatchlings that resemble miniature      
adults (Wake & Hanken 1996). Freed from the necessity      
of breeding in water, many lineages of plethodontids      
have radiated over evolutionary time from their appar-      
ent origins in the streams of Appalachia to colonize      
moist forest habitats throughout the eastern and west-      
ern United States and have dispersed into the New      
World tropics (Wake 1966, 1987; Wake & Lynch 1976).      
The large genus Plethodon (woodland salamanders)      
contains 21-40 species in the eastern and midwestern      
United States, 5-6 in the far west, and 1 in the southern 

plethodontid other frogs lizards snakes 
salamanders   salamanders 

 

Captures by taxa 
 

Figure 1. Relative numbers of plethodontid versus             
other salamanders, frogs, lizards, and snakes sampled      
over 3 years from 54 forest stands in the Klamath 
Mountains of northern California and southwestern 
Oregon (n = 4974). Numbers above bars are number          
of captures. For descriptions of sampling methods and           
the locations of the 54 stands sampled, see Welsh and         
Lind (1991). 
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Rocky Mountains of New Mexico, depending on the tax-
onomic authority used (Stebbins 1985; Conant & Collins 
1991; Highton 1995; Petranka 1998; Duellman & Sweet 
1999; Highton 1999; Highton & Peabody 2000). The  
family contains other closely related terrestrial forest 
salamander genera comprised of species with life histo-      
ries similar to those of the genus Plethodon, including 
Aneides, Batrachoseps, Ensatina, Hydromantes, and     
some of the Desmognathus group. Together Plethodon      
and these other genera constitute a large and diverse set      
of forest-dwelling salamanders with at least some spe-      
cies present in most North American forests. 
 
 
Abundant and Sensitive to Ecosystem Stresses 
 
Extremely high densities of plethodontid salamanders     
have been recorded in temperate forests of North America. 
For example, Burton and Likens (1975a) estimated     
that the total biomass of the redback salamander (Pleth-   
odon cinereus) surpassed that of all other small verte-     
brates combined in a New Hampshire forest (for addi-     
tional density estimates of eastern plethodontids, see     
Jaeger 1979; Hairston 1987). Welsh and Lind (1992) esti-
mated a density of 3200-9000/ha for the Del Norte sala-
mander (Plethodon elongatus) at a northern California     
site. Nussbaum (1974) and Ovaska and Gregory (1989) 
reported comparable densities for two other western 
plethodontids (Plethodon stormi and Plethodon vehicu-     
lum, respectively). Given their high numbers and unique 
physiological adaptations (Pough 1983), salamanders may 
play an important role in processing nutrients for forest 
growth and productivity (Burton & Likens 1975b). Such     
an important link has been established for small mam-     
mals in western conifer forests, where they are now     
known to be critical to the establishment of the root-
mycorrhizae symbiosis and important prey for predators 
such as the Spotted Owl (Strix occidentalis) (Trappe & 
Maser 1977; Li et al. 1986). Despite their tremendous 
abundance, however, we have little real knowledge of     
the ecological roles of salamanders, the number of indi-
viduals required to fulfill those roles (cf. Conner 1988),     
and how salamander populations are linked to forest eco-
system processes. Wyman (1998) found that by reducing 
invertebrate numbers, Plethodon cinereus indirectly re-
duced the rate of decomposition of forest litter by be-     
tween 11% and 17%, arguably altering forest carbon dy-
namics. 

Although plethodontid salamander densities can be 
extremely high, with populations apparently quite sta-     
ble where equable conditions persist (Hairston 1987; 
Hairston & Wiley 1993), recent evidence indicates that     
their numbers can decline dramatically in response to 
environmental stressors such as acidification (e.g., Fris-     
bie & Wyman 1992; Wyman & Jancola 1992;) and timber 
harvesting (Ash 1997; Dupuis 1997; Waldick 1997; de 
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Maynadier & Hunter 1998; Harpole & Haas 1999; Her-   
beck & Larsen 1999; for a review of the earlier literature, 
see deMaynadier & Hunter 1995). Although proximate 
reasons vary for changes in plethodontid salamander 
numbers in response to forest ecosystem stresses, the ul-
timate cause, and the best argument for the applicability       
of these organisms as indicators of forest ecosystems sta-
tus, is their unique physiological restriction relative to       
litter and soil moisture and temperature (Feder 1983). 
Plethodontid salamanders have evolved to occupy a       
wide range of niches in the forest habitats of North 
America, overlapping broadly those microenvironmen-       
tal and microclimatic conditions shared among a wide      
range of other small, more sessile forest organisms that       
are relatively easily perturbed by both natural and 
anthropogenic changes to the forest environment (e.g., 
Forest Ecosystem Management Assessment Team 1993). 

Although the nature of any actual link between these 
organisms and plethodontid salamanders is mostly spec-
ulative or, at best, correlative (see Wyman 1998), most       
of these organisms are poorly described taxonomically, 
their natural history is poorly known, they are difficult       
to detect, and they cannot as yet be reliably sampled be-
cause we lack sufficient understanding of their life cycles. 
Thus, the fine-scale overlap with the forest micro-envi-
ronment, shared with these poorly known organisms,      
make plethodontid salamanders excellent candidates for       
use in assessing fine-scale, soil-level processes within a 
forest-monitoring program. This approach is consistent       
with their use as "environmental monitoring indicators,"       
or species that reflect environmental conditions (Fleish-     
man 1997). 
 
 
Plethodontid Salamanders and Forest 
Ecosystem Processes 
 
Moisture 
 
It is in the litter and upper soil layers that moisture is     
most important to terrestrial salamanders and many       
other hydrophilic forest-dwelling organisms. Because       
they must continuously maintain moist skin in order to 
respire, salamanders require constant contact with moist       
soil or litter. Surface activity, where the majority of feed-     
ing and mating occurs (Houck & Verrell 1993; Tilley & 
Bernardo 1993), requires high relative humidity. Even       
while out during high moisture conditions on the sur-      
face, salamanders are in a dehydrating situation and       
must return to litter and subterranean refugia for com-       
plete hydration (Jaeger 1978). 

Changes in forests due to disturbance or climatic      
change that result in a drying of upper soil and litter lay-      
ers decreases the capacity of the forest to support sala-
manders. A tall, multilayered canopy buffers weather 
extremes (i.e., wind, insolation, and fluctuations in tem- 
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perature), providing stable, within-stand microclimates 
(Chen a al. 1999). The loss of canopy, or creation of large 
openings, reduces or removes this buffering element,      
and much of the evapotranspired moisture that main-      
tains high relative humidity within the interior of the for-     
est is lost. Increased wind effects, greater solar radiation 
reaching the forest floor, and temperature extremes re-      
duce the available moisture on the forest floor (Chen      
et al. 1999). These factors shorten the period of suitable 
environmental conditions for surface activity by sala-
mander and other moisture-dependent biota of the for-      
est floor. 

Vegetation uses large quantities of water, so its removal 
increases soil moisture and could therefore have a posi-     
tive effect on salamander populations. The most critical 
habitat for salamander populations is not the soil layer, 
however, but the litter layer, where they feed and mate. 
Although soil moisture may increase when trees are cut     
(e.g., Keppler & Brown 1998), there is relatively little 
uptake of that moisture by the litter layer, and soil mois-     
ture is rarely physiologically limiting to salamanders. Con-
sequently, although soil moisture may increase, this does 
not compensate for the drying of the litter layer that re-     
sults from canopy removal. 
 
Forest- Floor Microhabitats 
 
Corn and Bury (1991) describe three important surface 
microhabitats available to and heavily used by terrestrial 
salamanders: rocky substrates, downed wood, and leaf     
litter (see also Welsh & Lind 1991). The latter two micro-
habitats generally occur in greater amounts in unman-     
aged, old-growth forests (Spies et al. 1988; Bingham & 
Sawyer 1991). Nonetheless, Bury et al. (1991) state that     
the occurrence and abundance of most species of wood-   
land salamanders are more likely to be related to the pres-
ence of these microhabitats than to seral stage. For ex-
ample, the unmanaged young stands of Douglas-fir that 
Aubry and Hall (1991) studied were naturally revegetat-     
ing following a catastrophic wildfire. Despite the changes 
associated with the fire, many microhabitat features, usu-
ally more common in late-seral forests, were still present 
and providing habitat for amphibians. 

This scenario is not likely to be the case for young, 
manage stands harvested under current rotation cycles 
favored by North American forest managers (Hansen et     
al. 1991). Managed forests tend to be depauperate in     
large woody material, both downed logs and snags     
(Aubry et al. 1988; Bury & Corn 1988; Spies & Cline     
1988; Aubry & Hall 1991; Gilbert & Allwine 1991;     
Hansen et al. 1991), and in leaf litter (Covington 1981). 
Welsh and Lind (1991) found that salamander abun-     
dance was related to rock cover, groundcover-level veg-
etation, and the presence of large wood, in moderate de-     
cay classes (classes 3 and 4 on a scale of 1 to 5; Thomas 
1979). Sites lacking one or more of these microhabitats 
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contained a few generalist salamander species, but       
much of the species diversity was absent (Welsh & Lind 
1991). Brooks (1999) found that Plethodon cinereus 
populations in Massachusetts forests varied with the      
density and abundance of woody debris and not with 
thinning practices or deer browsing. 

Plethodontids use the burrows of other animals (e.g., 
small mammals), root channels, interstices, and rock fis-
sures to move between the moister depths of the soil      
and talus and the surface. Salamanders do not dig bur-      
rows themselves (but see Jennings 1996). Compaction      
of soil and rock talus from heavy equipment appears to      
have lasting effects on these channels, crushing the 
pathways used for movement to the surface. Surface      
rock is often fragmented and rock orientation changed, 
resulting in fewer surface hiding and hunting places. If 
access to the surface is reduced drastically, reproduction      
and foraging access could decline. The importance of      
rocky substrates for some species is highlighted by the 
associations between high cobble density and salamanders 
such as the Siskiyou Mountains salamander (Plethodon 
stormi), Del Norte salamander (Plethodon elongatus), 
Shenandoah salamander (Plethodon shenandoah), and 
Cheat Mountain salamander (Plethodon nettingi) (Nuss-
baum 1974; Jaeger 1980; Herrington 1988; Diller & Wal-
lace 1994; Welsh & Lind 1995). 
 
Forest Canopy 
 
The openness of the canopy in a forest stand can have 
profound effects on temperature and moisture regimes      
on the forest floor (Chen et al. 1999), which in turn af-      
fects salamander populations (e.g., Harpole & Haas 1999). 
For example, the Del Norte salamander is the southern-    
most occurring Plethodon in the far west (California), 
existing in drier and hotter climates than other species. 
Although Diller and Wallace (1994) found no relation-    
ship between canopy closure and the presence of this 
species on the coast (in redwood forest), Welsh and      
Lind (1995) found an important relationship with can-      
opy closure for Del Norte salamanders on interior sites. 
Data from their Douglas fir-mixed hardwood sites indi-      
cate a canopy closure of between 62% and 83% (95%      
C.I.) for sites supporting salamanders (Welsh & Lind     
1995). In fact, of the 43 environmental features mea-      
sured, percent canopy closure was the single best vari-      
able for predicting the occurrence of Del Norte sala-
manders (Welsh & Lind 1995: Table 1). 

Harpole and Haas (1999) found that following the first 
year of several different gap-creating forestry treatments, 
counts of salamanders declined under even the lightest      
cuts, whereas understory removal with herbicides had      
no apparent short-term effect.  In a study of forest gaps      
in upstate New York, Messere and Ducey (1998) could 
detect no effect on populations of Plethodon cinereus,      
but their study was conducted for only 1 year after har- 
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Table 1. Summary of coefficients of variation (CV) for 35 studies of plethodontid salamanders.* 
 
Species CY Mean Years Technique  Citation 
 
Aneides vagrans 28 - 3 AC Davis 1996 
A. hardii 0.21 41.75 8 TC Ramotnik 1997 
A. hardii 30 75.29 7 TC Ramotnik 1997 
A. hardii 29 40.00 7 TC Ramotnik 1997 
A. hardii 41 4.67 6 TC Ramotnik 1997 
A. hardii 27 14.60 5 TC Ramotnik 1997 
A. hardii 15 31.4 5 TC Ramotnik 1997 
Desmognathus aeneus 48 7.13 15 TC Hairston & Wiley 1993 
D. monticola 02 219.65 3 MR Bruce 1995 
D. monticola 36 91.96 5 MR Bruce 1995 
D. monticola 22 37.88 5 MR Bruce 1995 
D. monticola 23 31.10 5 MR Bruce 1995 
D. monticola 27 26.60 15 TC Hairston & Wiley 1993 
D. ocrophaeus 27 17.53 15 TC Hairston & Wiley 1993 
D. ocrophaeus 26 31.39 3 NS Hairston 1986 
D. ocrophaeus 52 18.4 6 AC T. Pauley, unpublished data 
D. quadramaculatus 65 7.20 15 TC Hairston & Wiley 1993 
Ensatina eschscholtzii 42 14.60 5 NCO Stebbins 1954 
E. eschscholtzii 23 32.40 5 NCO Stebbins 1954 
E. eschscholtzii 27 4.80 5 NCO Stebbins 1954 
E. eschscholtzii 15 6.00 5 NCO Stebbins 1954 
E. eschscholtzii 109 26.7 6 PF D. Wake, unpublished data 
Eurycea quadridigitata 50 33.25 4 PT Dodd 1992 
E. quadridigitata 270 484.38 16 PT Semlitsch et al. 1996 
Plethodon cinereus 22 35.67 12 NCO Jaeger 1980 
P. cinereus 24 31.88 8 NCO Jaeger 1980 
P. cinereus 17 7.00 4 NCO Taub 1961 
P. cinereus 26 1.01 4 NC J. Gibbs, unpublished data 
P. cinereus 28 34.9 8 AC J. Witham, L. Monti, & M. Hunter Jr., unpublished data 
P. cinereus 55 20.8 6 AC T. Pauley, unpublished data 
P. elongatus 37 26.25 13 TC H. Welsh, A. Lind, & L. Ollivier, unpublished, data 
P. glutinosus (complex) 46 11.07 15 TC Hairston & Wiley 1993 
P. jordani 10 32.25 8 AC Hairston 1983 
P. jordani 20 55.00 15 TC Hairston & Wiley 1993 
P. vehiculum 30 - 3 AC Davis 1996 
 
*Data include the CV, mean count or capture (mean), number of years studied (year), type of survey technique (technique: ACO, artificial cover 
object; NCO, natural cover object; MR, mark recapture; PT pitfall trap; TC, time-constrained search; AC, area-constrained search). 

vest, which may not have been enough time to detect ef-   
fects (Harpole & Haas 1999). In Massachusetts forests      
that underwent 40-50% reductions in the stocking class 
12-21 years prior to being studied, Brooks (1999) found      
no difference in counts of P. cinereus among those sites      
that presumably had returned to full canopy closure. de-
Maynadier and Hunter (1998) documented the impor-      
tance of high canopy closure for P. cinereus in Maine. 
 
Forest Succession and Microclimate 
 
Several studies have indicated that plethodontid sala- 
mander abundances in the Pacific Northwest are associ-     
ated more with forest structure than stand age or succes-
sional stage per se (Aubry et al. 1988; Bury & Corn 1988; 
Aubry & Hall 1991; Bury et al. 1991; Corn & Bury 1991; 
and Gilbert & Allwine 1991). These structural elements 
consisted primarily of downed woody materials, often in     
the form of large decaying logs and associated debris. 
Nonetheless, because amounts and sizes of decaying 
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logs are not independent of forest succession (e.g., Spies    
et al. 1988; Bingham & Sawyer 1991), forest age and sala-
mander population sizes are probably indirectly linked. 

Species are described as late-successional or old-growth 
associates if they are significantly more abundant in that 
stage or almost exclusively found in that stage (Ruggiero     
et al. 1991). Most species of woodland salamanders stud-   
ied appear to reach their peak abundance in late seral     
stage or old-growth forests and yield depressed popula-     
tion counts following cutting of forests or in earlier suc-
cessional habitats (Nussbaum 1974; Blymer & McGinnes 
1977; Bury 1983; Raphael 1988; Welsh & Lind 1988,     
1991, 1995; DeGraaf & Yamasaki 1992; Forest Ecosystem 
Management Assessment Team 1993; Mitchell et al. 1997; 
Dupuis et al. 1995; Ash 1997; Petranka et al. 1994; de-
Maynadier & Hunter 1998; Harper & Guynn 1999; Her-
beck & Larsen 1999; but see Diller & Wallace 1994). 

Although timber harvesting sets the successional se-
quence back to an earlier stage, dead and downed wood     
is sometimes left in place after harvest. In particular, 
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Figure 2. Bivariate scatterplots and regressions of (a) California slender salamander (Batrachoseps attenuatus) 
abundance and large trees; (b) California slender salamander (Batrachoseps attenuatus) abundance and small 
hardwoods; (c) Del Norte salamander (Plethodon elongatus) abundance and basal area of hardwoods; and (d)  
Del Norte salamander (Plethodon elongatus) abundance and small conifers. Data are from H. Welsh (unpub-
lished), but for descriptions of sampling methods and the locations of stands sampled for each of these species, see 
Welsh and Lind (1991). 
 
 

Conservation Biology 
Volume 15, No. 3, June 2001 

-20 0 20 40 60 80 200 400 600 800 1000   1200    1400    1600    1800 
  Large trees (stems/ha)     Small hardwoods (stems/ha) 

Welsh & Droege 
 
 

cuts of old-growth forests in the West can result in un-
usually large quantities of these materials remaining. 
Consequently, unlike most of the eastern research, many 
western forestry impact studies demonstrate little change   
in terrestrial salamander population counts (Aubry et al. 
1988; Bury & Corn 1988; Herrington 1988; Aubry & Hall 
1991; Bury et al. 1991; Corn & Bury 1991; Gilbert & All-
wine 1991). These results may give a misleading impres-
sion of the ability of these forests to continue to support 
large salamander populations (Hansen et al. 1991). Over 
time, and especially on industrial forestry lands, this 
downed woody material will decompose and not be re-
placed because of short cutting rotations. Climate may     
be an additional ameliorating factor; studies that showed     
no effect were all conducted in the wetter and cooler     
parts of the Pacific Northwest, where climate provides     
more of a buffer from the effects of canopy removal than     
in the more southern coastal ranges of the West (e.g.,     
Bury 1983; Raphael 1988; Welsh & Lind 1988, 1991) and 
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throughout the East (deMaynadier & Hunter 1995; Har-   
pole & Haas 1999). 

Salamander abundances can vary greatly with particular 
stand attributes that change as succession proceeds      
(Fig. 2). The varying role played by seral stage with geo-
graphic location and disturbance history illustrates how      
this ecological parameter influences the lives of these an-
imals. The primary role of succession lies in the changing 
nature of forest stand structure, which becomes more 
heterogeneous with age (e.g., more large logs and snags      
in various stages of decay [Welsh & Lind 1991: their Ta-  
ble 8 & Fig. 4]). Closely related to structural change, and 
even more important for plethodontids, however, is the      
fact that seral stage strongly influences microclimate. Mi-
croclimates tend to be cooler and moister, with lower 
variability, in late seral forest than in harvested sites, road 
cuts, and heavily altered stands (Chen et al. 1993, 1999). 
The importance of narrow, stable, and equable ranges of 
temperature and moisture for salamanders is well estab- 
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lished (Spotila 1972; Feder 1983), and many critical as-
pects of their natural history depend on such conditions 
(Tilley & Bernardo 1993). Older forests can better main- 
tain the high moisture and low temperatures required     
by these heat- and dessication-sensitive species (Welsh 
1990), a role that is clearly more important southward     
and toward the warmer interior portions of the ranges of 
western plethodontids. Consequently, it appears from     
both the ecological and evolutionary perspectives that     
many plethodontids are ecologically dependent (sensu 
Ruggiero et al. 1988) on conditions most often found in     
late seral forests. 

Differences in forest structure associated with succes-   
sion provide essential microclimates for a taxonomically 
diverse array of forest organisms endemic to late seral 
stages, including fungi, moss, lichens, ferns, and many 
understory trees, shrubs, and herbs (Bingham & Sawyer 
1991, 1992; Spies 1991; Frost 1997; Chen et al. 1999; Jules 
& Rathcke 1999) and even some endotherms such as     
the Spotted Owl (Burrows 1981). Modification of for-     
est structure (e.g., canopy removal) has a profound ef-     
fect on interior microclimates (Chen et al. 1993, 1999; 
Brosofske et al. 1997; Harpole & Haas 1999) and ground-
level vegetation (Chen et al. 1992; Frost 1997; Jules & 
Rathcke 1999). Such effects can quickly restrict or elimi-
nate the ability of plethodontid salamanders to perform 
critical life-history functions such as foraging and repro-
duction (e.g., Fraser 1976; Lynch & Wallace 1987; Ger-     
gits & Jaeger 1990). The presence of and changes in 
salamander populations can thus provide independent 
feedback as to whether forests are being managed in      
ways that both sustain salamander populations and pro-     
vide an adequate range of essential microhabitats and      
stable microclimatic characteristics for associated plant     
and animal- species (i.e., that maintain potential biodiver-
sity). Using plethodontid salamanders in this way would     
be consistent with their use as "management effective-     
ness indicators" (Fleishman 1997). 

Five plethodontid salamanders are among the late-seral-
stage species included in the list of species to survey     
and manage in the Pacific Northwest Forest Plan (U.S. 
Forest Service et al. 1994: Table C-3). In the East all of     
the terrestrial salamanders reach their peak abundances     
in mature and old-growth forests (Petranka 1998), with     
the exception of the federally endangered Plethodon 
shenandoah (restricted to three remnant populations     
on talus slopes) and possibly the federally listed (as 
threatened) Plethodon nettingi (now restricted to scat-     
tered rocky outcrops and narrow ravines, but formerly 
thought to inhabit groves of mature red spruce [Picea    
rubra], all of which have been cut). 
 
Metapopulation Considerations 
 
Each species of plethodontid salamander is associated    
with particular habitats and microclimatic conditions; 
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consequently, none is uniformly distributed in the for-       
est. For example, in one of the more extreme cases of 
patchiness, Nussbaum (1974) estimated that approxi-   
mately 3% of the known range of the Siskiyou Mountains 
salamander is suitable habitat for this species. This spe-       
cies is associated with rocky forested substrates that are 
distributed patchily. Even within apparently suitable       
habitat, sites are not occupied equally; some, such as       
rock outcrops and talus slopes, can support large con-
centrations of salamanders, whereas others have few or      
no animals. 

Patchiness of habitats, combined with low fecundity, 
small home ranges, short dispersal distances (Mathis et       
al. 1995), and a propensity for geographic isolation,       
make some salamander populations highly vulnerable to 
forest fragmentation. Species complexes within the un-
glaciated regions of the United States which have under-
gone a high degree of genetic radiation in mountainous 
landscapes (e.g., Highton & Peabody 2000) are particu-  
larly vulnerable to loss of local gene pools through alter-
ation and fragmentation of habitats. At the other end of       
the spectrum, red-backed salamander populations are      
nearly ubiquitous in the formerly glaciated regions of 
northeastern forests and appear relatively unaffected by 
even severe fragmentation (Gibbs 1998). Most species   
have distributions that lay between these extremes, so 
special consideration needs to be given to issues of frag-
mentation and land management for this group (Saun-       
ders et al. 1991; Fahrig & Merriam 1994). Using the pres-
ence and relative abundance of populations of some       
species as an indication of ecosystem functionality may 
require integrating a landscape perspective of metapop-
ulation dynamics. Such knowledge of the entire pleth-
odontid assemblage of a given region, based on objec-      
tive criteria such as mtDNA or allozyme analysis (e.g., 
Larsen et al. 1984), can help reveal underlying phylogeo-
graphic relationships that indicate which species might       
be expected in healthy forests of a given locality. 
 
 
Statistical Advantages of Using Plethodontids as 
Indicators for Forest Monitoring 
 
To use salamanders as bioindicators requires appropri-      
ate and cost-effective counting techniques that are pre-      
cise and replicable (i.e., exhibit low count variances)      
and accurate (i.e., unbiased). From the literature it is 
possible to determine the variability associated with 
sampling amphibian species by estimating the coeffi-      
cient of variation (CV) from time-series studies of >3      
years duration (Table 1). From the Amphibian Count Da-
tabase (Eagle 1988), the median CV (with the effects of 
trend removed) for all amphibians in North America was 
42% (n = 204); for anurans, 46% (n = 125); for sala-   
manders of the genus Ambystoma, 37% (n = 34), and 
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for plethodontids, 27% (n = 26). Although these studies     
do not represent a random sample of, species or geo-
graphic regions, thus rendering statistical evaluations     
not entirely appropriate, they are a reflection of tech-
niques commonly used by herpetologists. From these re-
sults it is clear that variation in counts appears to be    
lower in plethodontids than other groups of amphibi-      
ans. This is likely a reflection of the relatively stable for-
est environments they inhabit compared with amphibi-      
ans that migrate to wetlands and vernal-pool breeding 
sites. The highest CVs are associated with counts from 
pitfall traps, a technique that differentially captures dis-
persing animals and is often used for reasons other than 
developing a standardized capture probability for sala-
manders. In our study, the pitfalls were run continu-      
ously through weather and seasons that both promoted      
and prevented salamander movements, which likely    
caused the high CV (Table 1). In addition, CVs for many 
of these populations could be further improved (i.e., by 
reducing the variance components of the counts) by lim-
iting the counts to appropriate weather and time-of-year 
conditions and by using variance-reducing analysis tech-
niques to account for the effects of observers and other 
environmental factors. 

The practical result of low variation in -counts is high 
power to determine relative abundance across plots (or 
trends over time) compared with other amphibians and 
other groups of animals (e.g., mean CV for passerines, 
57%; small mammals, 69%; lepidoptera, 93% [Gibbs et al. 
1998]). Low variation also means that smaller sample    
sizes are necessary to achieve a given level of power. 

Although the benefits in terms of sample sizes are    
clear for the low count variances exhibited by pleth-
odontids, low variances cannot counter factors that may 
bias those counts. Bias here refers to departures of the 
population index (e.g., counts under boards or night 
transects) from some linear relationship with the true 
population. Only a small fraction of the total number of 
salamanders present at a site are counted at any given    
time because of their diel and seasonal patterns of verti-   
cal movement through the soil column (Taub 1961;    
Scott & Ramotnik 1992). Welsh and Lind (1992) and S. 
Droege, L. Bailey, R. Jung, and L. Weir (personal com-
munication) indicated that for ground searches of sala-
manders during the daytime, capture probabilities are al-
most never >10% (1 in 30 estimates) and often are <5%   
(21 of 30); they used mark-recapture estimates from pro-
gram JOLLY (Pollock et al. 1990) and Capture program, 
model h (White et al. 1982), respectively. These esti-   
mates come from populations in the Great Smoky Moun-
tains of Tennessee, the Blue Ridge Mountains of Virginia, 
the coastal plain of Maryland, and the Klamath Moun-  
tains of California and varied greatly in estimated popula-
tion size, habitat, moisture regime, plant communities,    
and species composition. Although these capture proba-
bilities are extremely low, they are relatively uniform.  Such 
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uniformity in probabilities across such a diversity of po-
tentially biasing factors (including the involvement of     
over 15 different observers) and circumstances is a good 
sign that indices for these salamanders may be directly 
comparable across landscapes and time. Further investi-
gations are being conducted by a number of groups to test 
for differences in detectability through direct experi-   
mental manipulation, particularly of natural and artificial 
cover, which would appear to have the greatest poten-       
tial to increase detectability of plethodontids. Although 
low capture probabilities themselves are not biasing, the 
low probability of detecting individual salamanders means 
that when population densities in the field are low; search 
rates need to be increased or the presence of these sala-
manders could be overlooked. 
 
 
Disadvantages of Plethodontids as Indicators 
 
There are some disadvantages to using woodland sala-
manders as subjects for monitoring. For example, these 
salamanders do not occur across all forests types in    
North America and are often absent from, drier forest  
types and heavily disturbed forests. Consequently, it  
would be wise to run pilot surveys to determine which,     
if any, species are present and whether they are suffi-
ciently abundant and well distributed to be used effec-
tively in a monitoring program. Another concern in-  
volves potential problems, with identification. In most 
regions identification of species is straightforward and 
requires little training. In the southern Appalachians, 
however, the number of species is high and their cor-     
rect identification is often challenging. Consequently,       
the required skills and the costs of training observers       
will be higher in these areas. 
 
 
Conclusions 
 
Measures of forest health must accommodate all the 
communities of plants and animals (alpha biodiversity)   
that exist under the defining umbrella of large, woody 
plants. The process of tracking changes in salamanders 
(declines and increases) provides ecological insights      
into the community of hydrophilic organisms that domi-
nates the soil-litter zone of many forests. These indices      
of change may also contribute to a more realistic assess-
ment of forest ecosystem integrity than those based on      
the classical forestry measures of stocking and growth 
rates. Changes in the numbers of salamanders reflect the 
forest's balance of invertebrates, leaf litter, moisture,      
pH, debris, burrows, and other habitat features. Given      
their high sensitivity, detecting plethodontid declines      
may provide lead time to search for the root causes of     
such declines and prompt and appropriate actions to re-
verse habitat damage before the loss of other associated 
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biota can occur. Given the longevity; site fidelity, small 
territory size, and low fecundity of plethodontid sala-
manders and the stability of a forest's soil environment      
(all features that also contribute to the low variances      
and high power of salamander counts), changes in sala-
mander counts are more likely to represent significant 
environmental changes than counts of most other forest 
species. 

The long-term tenure of woodland salamanders in the 
forested ecosystems of North America also suggest that 
these species have become well integrated if not inte-     
gral to many moist-forest ecosystems of North America. 
The naturally high densities and biomass of plethodontid 
salamanders dictate that changes in their populations     
would have lasting and cascading effects throughout a     
forest as their invertebrate prey and vertebrate predators 
adjust. The rationale for monitoring terrestrial salamanders 
rests on their key role and high densities in many for-     
ests, the stability in their counts and populations, their 
vulnerability to air and water pollution, their sensitivity     
as a measure of change, and the threatened and endan-     
gered status of several salamander species. The measure-
ment of plethodontid salamander abundance and species 
diversity offers a logical, cost-effective metric for moni-
toring the ecosystem integrity and related biodiversity of 
North American forest lands. 
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