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Habitat Correlates of the Del Norte Salamander,
Plethodon elongatus (Caudata: Plethodontidae), in
Northwestern California

HARTWELL H. WELSH, JR. AND AMY J. LIND

Pacific Southwest Research Station, USDA Forest Service, 1700 Bayview Dr., Arcata, California 95521, USA

ABSTRACT.--A stratified systematic sampling design was used to quantify the habitat relationships of
the Del Norte salamander (Plethodon elongatus) in northwestern California. We sampled 57 sites, each
within at least 5-7 ha of relatively homogeneous forest or post-forest habitat, where we measured 83
characteristics of the environment. Salamander sampling consisted of area-constrained sampling of 7 x 7 m
plots with at least 25% rock cover at each site. A subset of 43 variables was used in a hierarchical analysis
of habitat associations using discriminant analysis and regression. Variables included attributes at the
landscape, macrohabitat, and microhabitat scales. Results indicate a significant association of the Del Norte
salamander with older forests with closed, multi-storied canopy (composed of both conifers and hard-
woods), with a cool, moist microclimate, and rocky substrates dominated by cobble-sized pieces. These
habitat attributes appear optimal for survival and reproductive success throughout most of the range of
this species. The Del Norte salamander may require ecological conditions found primarily in late seral

stage forests.

The Del Norte salamander (Plethodon elonga-
tus) is the southernmost member of the six spe-
cies of Pacific Northwest Plethodon and has a
relatively restricted distribution in the three
southwestern counties of Oregon and the four
northwestern counties of California. It occurs
in isolated populations throughout its range,
occasionally in relatively high densities (Welsh
and Lind, 1992; Diller and Wallace, 1994). It is
generally associated with rocky substrates in
low-elevation (< 1250 m) mixed conifer-hard-
wood forests (Stebbins, 1954, 1985; Nussbaum
et al., 1983; Herrington 1988; Welsh and Lind
1991; Leonard et al., 1993), but little is known
about specific habitat affinities.

Previously the USDA Forest Service con-
ducted research to test the association of ver-
tebrates with forest age in the Douglas-fir mixed
hardwood forests of northwestern California.
The Del Norte salamander was found in sig-
nificantly greater abundance in late seral stage
forests (old-growth) compared with early seral
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stages (Welsh, 1990). These results are in need
of confirmation because only 21 of the 54 study
sites fell within the range of this salamander,
although Raphael (1988) reported similar re-
sults.

The apparent association of the Del Norte
salamander with old-growth forests and the
rapid loss of these late seral habitats due to tim-
ber harvesting (Thomas et al., 1988), have re-
sulted in its being listed as a "species of special
concern" by the State of California (Steinhart,
1990; Jennings and Hayes, unpubl.) and a can-
didate (C2) species by the U.S. Fish and Wildlife
Service (Drewry, 1989). Clearly, more infor-
mation on the habitat associations of this spe-
cies is needed. A better understanding of its
habitat relationships might explain the lower
numbers found in early successional forests and
provide a basis for management alternatives that
could reverse the loss of individuals and decline
in populations due to forestry practices.

This paper reports on a study of habitat as
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a. Quadrangle selection

b. Section selection

c. Stand selection

FIG. 1. Stratified systematic site selection procedure, with a random component (see text), used to locate
sampling sites for the Del Norte salamander (Plethodon elongatus) across its range in northwestern California.

sociations of the Del Norte salamander at sites
across the successional continuum in the mixed
conifer-hardwood forests of northwestern Cal-
ifornia. Our objectives were to (1) examine the
association with late seral stage forests and clar-
ify the nature of that relationship; (2) investi-
gate and elucidate other possible habitat re-
quirements; and (3) evaluate the potential im-
pacts of continued habitat alterations on pop-
ulations of this species.

MATERIALS AND METHODS

Site Selection.-To distribute sampling across
the range of the Del Norte salamander within
northwestern California and avoid the biases
inherent in many museum collections (e.g., site
proximity to major roads), we chose sites using
a stratified systematic design, with a random
component, at four nested levels (Fig. 1): (1)
biogeographic, (2) township and section, (3) ser-
al stage, and (4) minimum essential microhab-
itat.

The first level (biogeographic) sampled across
the range of the species and within its attitu-
dinal limits in northwestern California (Steb-
bins,1985; Jones and Raphael, 1990). All sample
sites occurred within the drainages of the Smith,
Klamath, and Trinity rivers on public lands from
near the Oregon border south to north central
Humboldt and Trinity counties, California (lat-
itude 40°30'N), and east from the Pacific Ocean
to western Siskiyou and Trinity counties (lon-
gitude 123°20'W).

The second level (township and section) se-
lected sites randomly, while simultaneously
spacing them systematically across the sam-

pling domain. It was based on the U.S. Geolog-
ical Survey township and range system; each
quadrangle is composed of 36 one mi” sections.
We randomly selected the first quadrangle in
the vicinity of the southeastern corner of the
range. Each additional quadrangle was evenly
spaced until 50 quadrangles (our desired min-
imum sample size) were designated across the
range (Fig. la). Within selected quadrangles, we
randomly chose four sections to search for ap-
propriate forest stands by picking numbers from
1 to 36 (Fig. 1b).

The third level (seral stage) sampled across
the seral stages of the region's forests in pro-
portion to their relative abundance. Within each
section we located up to four sites, in each of
four forest age classes, where possible (Fig. Ic):
clear-cut (0-30 yrs), young forest (31-99), ma-
ture forest (100-199), and old-growth forest
(200+) (Franklin et al., 1986). Sampling areas
were then located in at least 5-7 ha of contig-
uous forest or clear-cut (no edge habitat) with
uniform age, structure, and composition (rela-
tively homogeneous stands). We visited sites to
assess potential for sampling, and stands were
either accepted or rejected on the basis of our
finial criterion, the presence of appropriate mi-
crohabitat.

The fourth nested level, for placement of 7
x 7 m (49 m?) salamander sampling plots, was
based on documented minimum microhabitat
requirements (minimum essential microhabitat
or MEM). The intent was to maximize time, ef-
fort, and the usefulness of data sets by not sam-
pling for the species at a site where it had little
or no possibility of occurrence. Rocky substrate
was the required microhabitat which in this
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FIG. 2. Sampling methods used to measure forest
environment variables (Table 1) collected in associ-
ation with sampling for the Del Norte salamander
(Plethodon elongatus). Crosses mark locations for soil
and climate measures. Circles not drawn to scale.

study consisted of any rock type (chert, slate,
shale, etc.) with at least some cobble-size pieces
(64-256 mm diameter) on the surface (i.e., rocks
large enough to provide cover). Pilot sampling
indicated >25% surface rock cover within the
49 m’ as a minimum amount to yield sufficient
animals (if present) for comparative analysis.
Once we found that a stand could meet this
condition, a 49 m” sample plot was placed in
the rockiest area with at least 25% (visual esti-
mate) of the surface covered by rock. Rock cov-
ered by leaf litter or other organic debris could
be easily discerned and was included. All plots
were at least 75 m from any forest edge.

If a site failed to contain 49 m’ of substrate
with 25% rock cover it was rejected. Because
this minimum amount of rock substrate was used
to define sample sites, the absence of rock was
not evaluated; however, the range of variation
for this parameter was examined in this analysis.

Animal Sampling.- Intensive area-constrained
searches (Welsh, 1987; Corn and Bury, 1991)
were conducted during daylight hours at each
sampling site to determine the number of an-
imals present. This approach required the thor-
ough searching of the 7 x 7 m sample area by
one or more workers. Each site was systemati-
cally searched with all cover objects turned over,
and other substrates raked or sifted, down to
15 cm unless we saw a salamander escaping
deeper, in which case we pursued it. In this
way all animals on or near the surface were
captured. We sampled only when obvious sur-
face moisture was present under cover objects
and when air temperatures were > 9.0C.

H. H. WELSH AND A. J. LIND

Measuring Forest Biotic and Abiotic Parame-
ters.-We selected habitat variables using three
criteria: (1) parameters that reflected structural,
compositional, and microclimatic aspects of the
forest environment relevant to the Del Norte
salamander as indicated by previous research
(Stebbins, 1954, 1985; Nussbaum et al., 1983;
Welsh, 1990; Welsh and Lind, 1991); (2) param-
eters that represented changes in structure and
composition of the forest resulting from man-
agement practices like timber harvesting and
reforestation, or natural successional events such
as fire, landslide, or flood; and (3) variables that
incorporated aspects of the forest environment
based on three scales of spatial organization:
landscape, macrohabitat, and microhabitat.

Our approach was to initially estimate a wide
range of parameters and then eliminate redun-
dant variables prior to statistical analyses. Mea-
surements of general locators (landscape scale),
forest structure (macrohabitat scale), and mi-
crohabitats resulted in a total of 83 wvariables
(see Welsh [1993] for details and methods of
measurements). Methods for these variables in-
cluded (Fig. 2): (1) measurements of general site
characteristics with instruments and from to-
pographic maps; (2) the Braun-Blanquet (1932)
cover abundance scale; (3) a 50-m line transect
for ground and understory vegetation cover
(Canfield, 1941; Brown, 1974); (4) tree counts in
1/10 ha and 1/5 ha circles centered on the sam-
ple site; (5) point measurements of soil and litter
characteristics (average of four measurements);
and (6) estimates of sampling area microhabitat
and substrate composition.

Statistical Analyses. -Rotenberry (1986) and
Rice et al. (1986) advocated a combined statis-
tical approach—regression analysis plus dis-
criminant analysis—when conducting studies
of habitat relationships over a large scale and
involving heterogencous habitat types. This ap-
proach allows for cross-validation between
methods. Regression analysis explores how the
number of individuals vary as a particular fea-
ture of the habitat varies. A limitation of the
regression approach is that factors other than
habitat can cause variation in numbers along a
habitat gradient and thus complicate interpre-
tation (cf. Van Horne, 1983). Discriminant anal-
ysis can compare the variation in average hab-
itat between sites with and without the species
of interest, regardless of differences in popu-
lation size. This approach addresses the ques-
tion of what range of attributes of the habitat
can provide suitable conditions for the species
to exist. Used together, these techniques can
reveal aspects of the habitat that may be lim-
iting for a species and also indicate those aspects
of habitat that might be managed to maintain
or increase animal numbers.

We first address what attributes of habitat de-



termine the presence or absence of this species
rather than the question of why salamander
numbers might vary among sites. Therefore, re-
gression was used as a second tier of analysis
to further examine relationships with the most
significant variables derived from the discrim-
inant analysis.

We performed preliminary descriptive anal-
yses to review the distributions of the initial 83
habitat wvariables. Histograms, normal score
plots, and measures of skewness and kurtosis
(SAS, 1990) were used to assess the normality
of distributions, and deviations were, corrected
by appropriate transformations (log, square root,
or arcsine [Sokal and Rohlf, 1981]). Reduction
of variables prior to analysis based on elimi-
nation of redundancy (those showing the best
correlation with salamander numbers were re-
tained) and omission of those with mostly zero
values (>80%) resulted in 43 variables for anal-
ysis (Table 1). In the subsequent multivariate
statistical analysis we assumed (but did not test)
that univariate normality implied multivariate
normality.

For multivariate analyses we grouped vari-
ables into subsets (ecological components) based
on similarity of spatial scale and vertical stra-
tum of the forest environment (Table 1). Dueser
and Shugart (1978) and Bingham and Sawyer
(1991) used a similar approach. For those vari-
ables that could model relationships at more
than one spatial scale, the assignment to a par-
ticulars cale and ecological component was based
on the scale at which the variable was measured
(see Table 1, Fig. 2). An ecological component
was defined as a group of variables that together
described a logical class of structural, compo-
sitional, or climatic attributes of the forest en-
vironment. This approach has application for
resource managers, because these ecological
components are related to those aspects of forest
structure commonly manipulated or altered
during timber harvesting and road building.
Significant variables from each subset from the
ecological component analyses can subsequent-
ly be combined to derive composite habitat
models that incorporate multiple components
and scales. Although we believe this approach
holds promise for both analytical and manage-
ment applications, it will benefit from further
evaluation and experimentation.

A two-group discriminant analysis (DA) (SAS,
1990) was run for each ecological component
using a stepwise procedure to select variables.
We tested the null hypothesis that a given hab-
itat variable does not add any additional dis-
criminatory power. Variables were entered into
models if their P values for the partial F statistic
were <0.10. For model-building, we chose a
moderate significance level (alpha < 0.10) be-
cause: (1) it permitted more variables to enter
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the models, thus providing the best discrimi-
nation power given the limits of our sample size
(Costanza and Afifi, 1979); (2) a more mod-
erate level reduces the chances of type II errors
(accepting a false null hypothesis); and (3) a
moderate alpha-level provided a criterion more
appropriate for detection of ecological trends
(Toft and Shea, 1983; Toft, 1991). Once the vari-
ables were selected, a linear discriminant func-
tion was determined on the basis of those vari-
ables.

Besides the assumption of multivariate nor-
mality required for statistical inferences, DA
also assumes homogeneous variance-covariance
structure among groups (Neff and Marcus, 1980).
We tested for heterogeneity among variance-
covariance matrices using Bartlett's modifica-
tion of the likelihood ratio test (with alpha =
0.05; SAS, 1990) and compared results of clas-
sification success for both linear and quadratic
functions where appropriate. However, we
present all results in terms of linear functions
because quadratic functions yielded classifica-
tion results similar to those of the linear func-
tions, linear functions are easier to interpret,
and the stepwise technique used to choose vari-
ables was linear. Standardized structure coef-
ficients are presented as an indication of the
relative contribution of each variable chosen by
stepwise DA to the discriminant function
(Rencher, 1992).

We employed a jackknife procedure (SAS,
1990) to evaluate the classification success of
each model. Cohen's Kappa (Titus et al., 1984)
was computed for each test to indicate classi-
fication success compared with chance; the level
of acceptable performance was set at alpha =
0.05. In classification tests based on the discrim-
inant functions, we assumed that our random
systematic site selection yielded a proportion of
sites with and without salamanders that reflects
the true proportion. Thus, we adjusted the prior
probabilities of group membership. accordingly
(priors proportional) (SAS, 1990).

We examined the relationships between sal-
amander abundance and all significant vari-
ables from the DA using regression. This anal-
ysis was performed on sites with salamanders
only, and one outlier site with very high cap-
tures was removed. Simple linear and standard
non-linear curves (logarithmic, exponential, and
second-order polynomial) were fit to untrans-
formed data, and the variables with the best R?
are presented.

RESULTS

We sampled 57 sites for the Del Norte sala-
mander from 27 February to 6 June 1989 (see
Fig. 1. of Welsh and Lind, 1992). Thirty sites
had salamanders, with a total of 146 captures:
78 juveniles and sub-adults (19-40 mm snout-



TABLE 1. Hierarchical arrangement' of ecological components represented by 43 measurements of the forest environment taken in conjunction with sampling
for the Del Norte salamander (Plethodon elongatus).

II. Land-
scape
Scale
- II1. Macrohabitat or Stand Scale IV. Microhabitat
A. Geo- Scale
graphic D. Ground-
relation- A. Trees: density B. Dead & down wood: C. Shrub & understory  level veg. A. Substrate
ships by size surface area & counts composition (>0.5m)  (<0.5 m) E. Ground cover  F. Forest climate composition’
Latitude *Small conifers_C?  *Stumps-B *Understy conifer_L  *Fern_L *Moss__L Air temp. (°C) Pebble_ P (% of
(degrees) *Small hardwoods__C  All logs- *Understy hard- *Herb_ L *Lichen_B Soil temp. (°C) 32-64 mm diam-
Longitude Large conifers_ C decayed_ C woods_ L *Grass__B Leaf B Solar index* eter rock)
(degrees) *Large hard- *Small logs- *Large shrub_ L Height *Exposed soil_B % canopy closed Cobble_P (% of
Elevation woods_ C sound__C *Small shrub__L I-ground Litter depth (cm)  Soil pH 64-256 mm di-
(m) Forest age (years)®  *Sound logarea_ L Bole_L veg_B Dominant rock_ B Soil relative hu- ameter rock)
Slope (%) *Conifer log-decay.  Height II-ground (0-0.5 m) Co-dom. Rock---B  midity (%) Cemented_P (%
Aspect (de- area_ . veg_ B (0.5-2 m) Rel. humidity (%) of rock cover
grees) *Hrdwd. Log-decay. embedded in
area_ L soil/litter ma-
trix)

! Spatial scales arranged in descending order from coarse to fine resolution (see Wiens, 1989). Level 1 relationships (the biogeographic scale) were not analyzed because all sampling
occurred within the range.

2 C = count variables which are numbers per hectare; B = Braun-Blanquet variables which are % cover in 1/10-ha circle; L = Line transect variables which are percent of 50-m line
transect; P = % of 49-m” salamander search area. Small trees = 12-53 cm DBH (dia. at breast height), large trees => 53 cm DBH.

3 Based on mean of cores from three trees in dominant size class on site; classes used = 12-27 cm, 27-53 cm, 53-90 cm, 90-120 cm, and +120 cm DBH.

* Solar index is an estimate of annual incident solar radiation based on latitude, slope, and aspect (Frank and Lee, 1966).

* Rock particle sizes from Platts et al. (1983).

* Variable was transformed for statistical analyses.
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TABLE 2. Two-group stepwise discriminant analyses of 57 sites sampled for the Del Norte salamander
(Plethodon elongates) across its range in northwestern California. Independent variables were grouped for
separate analyses by ecological component (Table 1); standardized structure coefficients are presented for
those variables that entered each model. Means and standard deviations are presented in the actual measured
units, although some variables were transformed prior to analyses (Table 1). Models were, tested for classi-
fication success with a jackknife procedure. Cohen's Kappa statistic indicates the classification success
compared with chance. An asterisk indicates a model with heterogeneous variance-covariance matrices.

Sites with salamanders Sites without salamanders
(n=30) (n=27) Standardized
Ecological structure
component Mean SD Mean SD coefficient

II. Landscape Scale
A. Geographic relationships
Slope 30.33 8.20 25.15 7.15 1.000

Wilks' Lambda = 0.888; F (df=1,55)=6.95; P=0.0109
Jackknife success (%) = 61.4; Cohen's Kappa =0.226; P =0.0445

III. Macrohabitat Scale
A. Trees: density and size class
Small hardwoods 241.33 235.82 98.93 179.52 0.541
Forest age 215.80 210.61 53.89 101.93 0.694

*Wilks' Lambda = 0.754; F (df=2,54)=8.81; P =0.0005
Jackknife success (%) = 75.40; Cohen's Kappa =0.509; P =<0.0001

B. Dead and down wood: surface areas and counts
No variables entered the model.

C. Shrubs and understory composition (>0.5 m)
Understory hardwoods 24.56 19.15 11.44 14.09 1.000

Wilks' Lambda = 0.828; F (df = 1,55) = 11.46; P = 0.0013
Jackknife success (%) = 71.91; Cohen's Kappa = 0.437; P = 0.0005

D. Ground level vegetation (<0.5 m)
Herb 4.28 9.74 8.49 13.09 0.816
Fern 5.25 9.38 1.62 3.90 -0.722

Wilks' Lambda = 0.849; F (df=2,54)=4.80; P=0.0121
Jackknife success (%) = 70.20; Cohen's Kappa =0.392; P =0.0019

E. Ground cover
Moss 20.08 27.82 6.89 15.79 0.899
Co-dominant rock 18.37 16.66 30.06 19.88 -0.718

Wilks's Lambda = 0.696; F (df=2,54)=11.77; P =0.0001
Jackknife success (%) = 77.21; Cohen's Kappa = 0.540; P =<0.0001

F. Forest climate
Relative humidity 75.17 17.81 61.22 15.78 0.675
Canopy closed (%) 72.47 29.42 35.70 36.12 0.846

Wilks' Lambda = 0.630; F (df=2,54)=15.85; P =0.0001
Jackknife success (%) = 68.42; Cohen's Kappa=0.364; P =0.0031

IV. Microhabitat Scale
A. Substrate composition
Cobble 44.83 23.53 34.70 17.75 1.000

Wilks' Lambda = 0.943; F (df = 1,55) =3.31; P = 0.0744
Jackknife success (%) = 57.89; Cohen's Kappa = 0.156; P =0.1210

vent length [SVL]) and 68 adults (>40 mm SVL). with and without salamanders with 61.4% ac-
Captures at sites with salamanders ranged from curacy, 22.6% better than by random chance.
one to 30 animals in the 49% m plots. Five of six ecological components at the mac-
Discriminant Analysis.-Slope was the only rohabitat scale yielded models with discrimi-
landscape scale variable that significantly dis- natory power (Table 2: III). The trees compo-
criminated between sites with and without sal- nent indicated that sites with salamanders both
amanders (Table 2: IIA). Sites with salamanders were greater in age and contained more small
had slightly greater slopes. This single variable hardwoods than did sites with no salamanders

model was able to discriminate between sites (Table 2: IIIA). This highly significant model
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FIG. 3. Frequency curves (kernel method; Silver-
man [1986]) of canonical scores for sites with (N =
30) and without (N = 27) the Del Norte salamander
(Plethodon elongatus) based on the composite habitat
model (Table 3). Values of variables (i.e., high or low)
represent trends relative to canonical scores.

distinguished sites with and without salaman-
ders at 75.4%, 50.9% better than chance for the
jackknife test. The dead and down wood com-
ponent failed to yield a model (Table 2: IIIB).
Within the shrub and understory component
the function was based on a single variable (un-
derstory hardwoods), which were more abun-
dant on sites with salamanders (Table 2: IIIC).
This model accurately predicted salamander
presence or absence at 71.90%, 43.7% better than
chance. The component model of ground level

H. H. WELSH AND A. J. LIND

vegetation was derived from two variables: ferns
(more on sites with salamanders) and herbs
(fewer on sites with salamanders) (Table 2: I1ID).
This model had 70.20% of sites correctly clas-
sified, 39.2% better than chance (jackknife pro-
cedure). The ground cover component model
was derived from two variables: moss (greater
on sites with salamanders) and percent co-dom-
inant rock (the second most abundant rock size)
(less on sites with salamanders) (Table 2: IIIE).
The ground cover component model was the
best model overall based on jackknife success,
with 77.21% of sites correctly classified; 54.0%
better than chance. The forest climate model,
consisting of relative humidity and percent can-
opy closed (both higher on sites with salaman-
ders) (Table 2: IIIF), had the highest model F
statistic of all component models. It ranked
fourth overall in classification success with 68.4%
of sites correctly classified, 36.4% better than
chance.

The single component at the microhabitat
scale, substrate composition, yielded a single
variable model based on percent cobble (greater
on sites with salamanders) (Table 2: IVA). How-
ever, the classification test results were the
poorest of all the component models.

The final composite discriminant model pro-
vided a means to evaluate the relative influence
of significant variables derived from the com-
ponent analyses. The composite model was de-
rived from four ecological components, with
variables entering in the following order: per-
cent canopy closed, relative humidity, co-dom-
inant rock, cobble, and slope (Table 3, Fig. 3.)
This model had classification success of 82.50%,
64.8% better than chance.

Regression Analyses.- The regression analysis

TABLE 3. Multiple component discriminant model. All variables derived from the anlayses of ecological
components (Table 2) were combined in a two-group discriminant analysis (across all scales and ecological
components) to derive a multiple component model of the habitat of the Del Norte salamander. Standardized
structure coefficients indicate the relative contribution of each variable to the discriminant function.

Standardized
structure
Step Variable F-statistic P coefficient

1 Canopy closed (%) 17.90 0.0001 0.503
2 Relative humidity 10.65 0.0019 0.370
3 Co-dominant rock 5.85 0.0190 -0.287
4 Cobble 7.83 0.0072 0.216
5 Slope 6.53 0.0136 0.313

Forest age

Small hardwoods

Understory hardwoods

Ferns

Herb

Moss

Wilks' Lambda = 0.437; F (df = 5,51) = 13.13; P =0.0001
Jackknife success (%) = 82.50; Cohen's Kappa = 0.648; P = <0.00001
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of sites with salamanders only, examining all
those variables derived from the DA of ecolog-
ical components, indicated that three variables
were highly significant predictors of increased
numbers of salamanders at a site. Percent can-
opy closure was the best (R* = 0.297) (Fig. 4a).
The 95% confidence interval (C.I.) (based on
sites with captures only) indicated that the true
mean canopy closure for sites with salamanders
was between 61.9% and 83.0%. Sites without
salamanders had a 95% C.I. of 22.0% to 49.4%
canopy closure. Number of small hardwoods
was the second best single variable for pre-
dicting salamanders (R* =0.271) (Fig. 4b). Here,
the 95% C.I. for sites with captures contained
156.9-325.7 small hardwoods/ha, while sites
without salamanders had a 95% C.I. of 31.21-
166.6 small hardwoods/ha. The third best pre-
dictor of abundance was forest age (R* = 0.119)
(Fig. 4c). The 95% C.I. for forest age for sites
with salamanders was from 140.4 to 291.2 yrs,
and for sites without salamanders, 15.4 to 92.3

yIS.

DISCUSSION

Landscape Scale.-Three of the five variables
in the geographic relations component (eleva-
tion, latitude, longitude; Table 1) were held
within narrow limits because the sampling do-
main was restricted to sites within the pub-
lished geographic and elevational range of the
Del Norte salamander (sea level to 1250 m) in
northwestern California. (Work subsequent to
ours has found this species occurring up to 1460
m in western Siskiyou Co., California [S. Cuenca
and D. Clayton, pers. comm.].) This, species
showed little variation in numbers along these
spatial trajectories. However, the discriminant
analysis (DA) indicated that slope was greater
on sites that contained salamanders. Diller and
Wallace (1994) reported such a relationship for
coastal populations of this species, and Ramo-
tnick and Scott (1988) found a similar relation-
ship for P. neomexicanus in the southern Rocky
Mountains. As suggested by the above authors,
our data also show that the positive relationship
with slope probably results from the accumu-
lation of rocky debris in a layered fashion at
the bottoms of steeper slopes (talus piles). Such
conditions increase subterranean interstitial
spaces as the rock layers aggregate and are bur-
ied under the accumulating forest litter. These
sites usually yield the highest numbers of cap-
tures per unit effort for this species (pers. obs.).
Maiorana (1978) presented evidence of the im-
portance of subterranean retreat space in reg-
ulating numbers in other plethodontid sala-
mander populations.

Another important factor possibly contrib.-
uting to this relationship with slope is the effect
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FIG. 4. Bivariate scatter plots for the three best
habitat variables based on highest RI values: a. per-
cent canopy closure; b. number of small hardwoods;
c. forest age (mean of three conifers in dominant size
class at site) (X axis is log scale). Regression lines and
Rz values apply to sites with salamanders only (filled
circles; N = 30); sites without salamanders (empty
circles; N = 27) are included to show overall distri-
butions. Some overlapping points are obscured.
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of ongoing timber harvesting. Timber harvest-
ing in northwestern California has progressed
from areas with little or no slope to increasingly
steeper areas. As a result, older forest is today
more abundant on areas with greater slope; for-
est age and slope were significantly correlated
(r=0.322; P=10.015).

Macrohabitat Scale.-The trees component
yielded a highly significant model (DA), with
excellent predictive power (Table 2). The re-
gression analysis yielded similar results. In-
creased forest age and numbers of small hard-
woods were two of the best indicators of both
salamander presence and increased abundance
(Table 2: 1IIA, Fig. 4b, c). The relationship with
forest age agrees with earlier evidence of an
association with late seral forests (Raphael, 1988;
Welsh and Lind 1988; Welsh 1990). The DA also
showed a positive relationship with understory
hardwoods (see shrubs and understory com-
ponent; Table 2: IIIC); as did Raphael (1988).
Welsh and Lind (1991) reported a significant
relationship between basal area of hardwoods
and increased numbers of Del Norte salaman-
ders. Why hardwoods are good predictors of
the presence and abundance of this species has
not yet been determined. Possibly, the in-
creased biomass of deciduous vegetation, with
the consequent leaf fall, may support a more
abundant and diverse community of forest floor
insects than would a pure conifer forest. Small
terrestrial invertebrates are the primary food
for Del Norte salamanders (Nussbaum et al.,
1983). Another aspect of the hardwood com-
ponent that may be important for the salaman-
ders is that of forest structure. In the charac-
teristic mature mixed conifer-hardwood forests
of northwestern California, hardwoods tend to
form the sub-canopy and understory (Bingham
and Sawyer, 1991, 1992). This complex multi-
level forest structure forms an essentially closed
canopy and contributes to a relatively cool and
stable microclimate on the forest floor. Such
conditions are optimal for terrestrial pletho-
dontid salamanders (see Feder, 1983).

The DA yielded no model for the dead and
down wood component. Down wood is appar-
ently not important to this rock associated spe-
cies, although Del Norte salamanders occasion-
ally use woody debris for cover when it occurs
in conjunction with rocky substrates (Welsh and
Lind, 1991). In contrast, other western pletho-
dontid salamanders show strong associations
with dead and down woody material (Whitaker
et al., 1986; Aubry et al., 1988; Bury and Corn,
1988; Corn and Bury, 1991; Gilbert and Allwine,
1991; Welsh and Lind, 1991).

The DA of the shrubs and understory com-
ponent indicated a positive relationship with
hardwood shrub species and abundance of Del
Norte salamanders, but the nature of this re-

lationship is not understood (see discussion of
hardwood trees above).

The DA of the ground-level vegetation com-
ponent indicated that sites containing Del Norte
salamanders were characterized by more ferns
and fewer herbs than sites with no salamanders
(Table 2: IIID). We are unaware of any evidence
that ferns play a direct role in the biology of
the Del Norte salamander, but ferns are indic-
ative of the cool, moist microclimatic conditions
which also favor plethodontid salamanders
(Feder, 1983). Spies (1991), Spies and Franklin
(1991), and Frost (1992) reported more meso-
thermal-adapted herb species in older, closed
canopy forests. The negative relationship be-
tween herbs and salamanders is thus contrary
to other macrohabitat relationships demonstrat-
ed here, which indicate a strong association with
characteristics of late seral forests. It may be that
the rock-dominated substrates preferred by this
salamander are edaphically poor sites for many
forest herb species.

The two-variable DA model from the ground
cover component had the greatest predictive
power of all component models according to
the jackknife test. These results attest to the
importance of substrate conditions in the bi-
ology of the Del Norte salamander. In this DA
model the variable co-dominant rock showed a
negative relationship with salamander pres-
ence (Table 2: IIIE). This variable was defined
as the percent cover of the second most abun-
dant size class of rock within the 1/10 ha circle
(nine size classes were possible [Welsh; 1993]).
The presence of rock was a minimum essential
microhabitat (MEM) site selection criterion, so
all sites sampled contained at least 25% surface
covering of rock. However, sites with salaman-
ders, as well as those with higher numbers of
salamanders, were sites that also had a rela-
tively low percent of surface area covered by a
smaller co-dominant rock size class. We inter-
pret this as indicating that the presence of a
large (=cobble) dominant size class of rocks,
with few small rocks between them, created the
maximum amount of interstitial space for cover.

The significantly higher values for moss cov-
er (Table 2: IIIE) on sites with salamanders are
probably indicative of sites with cooler, moister
microclimates. Bingham and Sawyer (1991) not-
ed that moss was more abundant in the older
forests of northwestern California than in
younger forests.

The model derived from the forest climate
component proved to be the most significant in
our DA based on model F statistic (Table 2: IIIF).
Percent canopy closed (positive with salaman-
der numbers) was the most influential variable
in the DA model, and the relationship holds
for the bivariate regression (Fig. 4a). This vari-
able indirectly measures the amount of light
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(and heat) that penetrates the canopy and reach-
es the forest floor. As such, it indicates average
annual microclimatic conditions (surface tem-
peratures and moisture) at ground level. These
microclimatic conditions are known to be mark-
edly cooler, moister and more stable in interior
(closed canopy) forests than forest edge or
openings (Chen et al., 1993). However, Diller
and Wallace (1994) reported no relationship be-
tween salamander presence and canopy cover
for coastal populations.

Relative humidity (Table 2; IIIF: positive re-
lationship) was a measure of site conditions at
the time of sampling. Our sampling was timed
to coincide with the late winter to early spring
rainy season, a period of high surface activity
for this species (Welsh and Lind, 1992). This
variable in the climate model indicated that even
during high seasonal activity periods, sites with
relatively greater humidity promote greater
surface and near surface activity and probably
also support denser populations of this species
compared with relatively drier sites.

Welsh (1993), reporting on an all-possible-
subsets (APS) regression analysis of this data
set, found several additional macrohabitat scale
attributes that varied with salamander num-
bers. Increased numbers of large hardwoods,
greater leaf litter depth, and increased epi-
phytic lichen (wind fall) were significant pre-
dictors of greater salamander abundance; while
increased stumps (a surrogate for clearcuts), de-
cayed logs, grass, height I (< 0.5 m) ground veg-
etation, and air temperature were significant
predictors of decreased salamander abundance.

Collectively, these macrohabitat models in-
dicate the importance of a relatively cool, moist
climatic regime for this species. The importance
of such climates has a strong physiological basis
in the biology of plethodontid salamanders
(Feder, 1983). The presence or absence of suit-
able surface microclimatic regimes appears to
be the best explanation for the variation in the
vertical distribution of salamanders (Taub, 1961).
They move horizontally and vertically in the
soil column, depending on both the weather
and the season (Heatwole, 1962; Fraser, 1976;
Jaeger, 1979, 1980). However, the proportion of
a given population at or near the surface at a
given time is not known for plethodontid sal-
amanders (Scott and Ramotnick, 1992). We also
do not know how long a population could re-
main viable if surface climatic conditions were
not amenable and all individuals had to remain
submerged to avoid physiological stress. Be-
havioral data suggest that at least some surface
activity may be critical for reproduction and
feeding (Fraser, 1976) in these salamanders
(Verrell, 1989).

Microhabitat Scale.-Cobble entered both the
component and composite level DAs, but it

demonstrated low classification success by itself
(Tables 2, 3). We believe the poor performance
of our substrate composition DA model to be
an artifact of the sampling design, which re-
quired all 7 x 7 m plots to contain at least 25%
rock cover. The habitat characteristic of rocky
substrates constituted the minimum essential
microhabitat (MEM) requirement for placement
of our sample plots. Cobble was the most com-
mon rock size at 34 of 57 plots. Such use of
documented habitat specializations permits a
sampling strategy in which random sites can be
rejected in cases where MEM is completely lack-
ing. This approach provides a more focused, yet
randomized, study design that can address
questions about the nature of salamander dis-
tributions among and within sites with requi-
site microhabitat. While this minimum require-
ment may constitute a sampling bias against
detection of animals in low numbers in sub-
optimal habitat across the successional se-
quence, we believe it is a valid approach for a
comparative study as long as all sites sampled
meet the minimum requirement for the rele-
vant parameter. The importance of rocky sub-
strates for this species is well established, so
this sampling approach is sound. However, this
model would no doubt have been a better pre-
dictor of salamander presence had this criterion
not been imposed by the study design.

Welsh's (1993) microhabitat scale APS model
consisted of cobble plus "cementedness," a vari-
able that estimated the percent of rock substrate
that was "glued" in by decomposing leaf and
needle litter and organic soil above the mineral
soil layer. This model was a significant predictor
of increased salamander abundance. Cobble in
a matrix of decomposing organic materials ap-
pears to form the best substrate conditions for
these salamanders because numerous small,
protected interstitial spaces are created as the
rock accumulates in layers covered by leaf litter
and soil. Such a matrix is favored by Del Norte
salamanders, possibly because of the increased
protected cover, more favorable microclimatic
conditions within, and the greater invertebrate
forage such conditions would support.

The variables that demonstrated the strongest
relationships in both the DA (Table 2) and the
bivariate regression analysis (Fig. 4) and are thus
indicative of both presence and increased abun-
dance of Del Norte salamanders were percent
canopy closure, small hardwoods, and forest age.
Other indicators of salamander presence from
the DA included greater slope, more understory
hardwoods, more ferns, fewer herbs, more moss,
less secondary (co-dominant) rock, increased
relative humidity, and more cobble for sites with
salamanders than those lacking them. These re-
sults indicate the niche (sensu Grinell; see James
et al., 1984) of the Del Norte salamander is com-
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posed of: (1) a mixed coniferous/ hardwood late
seral stage forest with a closed, multi-story can-
opy; (2) cool, moist microclimate with moss and
fern ground cover, lichen downfall, and a deep
litter layer; and (3) rocky substrates dominated
by cobble. Welsh and Lind (1991) quantified the
niche of this species on the basis of a small
sample size, but the results are highly consis-
tent with those reported here. Welsh and Lind
(1991) found that Del Norte salamander abun-
dance varied positively with forest age, basal
area of hardwoods, percent cover of rock, and
large trees, and varied negatively with small
conifers (5-80 cm DBH) (but see Diller and Wal-
lace, 1994).

Our habitat model suggests that the Del Norte
salamander has evolved in close association with
conditions that predominate in late seral forests
(Welsh 1990). However, this study also indi-
cated that this species occurs in younger forests,
but in significantly lower abundances (see also,
Raphael, 1988). What densities of salamanders
may be required for long-term viability or eco-
logical function (Conner, 1988) remain open
questions.

Dense and apparently viable populations have
been reported from young redwood forests and
from rocky embankments along open road cuts
within these forests, along California's north
coast (Diller and Wallace, 1994). However, de-
spite their large sample, all localities reported
by Diller and Wallace were within the marine-
influenced, coastal belt, which represents only
a small portion of the range of this species. Dill-
er and Wallace (1994) attributed differences in
the habitat requirements of coastal and more
interior populations of this species to the pro-
nounced climatic differences between these two
geographic regions. We concur because most of
the sites we sampled here and in earlier work
(Welsh and Lind, 1988, 1991; Welsh, 1990) were
interior sites.

Our data are from across the range of the Del
Norte salamander in northwestern California.
Most populations, and the highest densities, oc-
curred in older forests. Thus, we consider this
salamander to be an old-growth associated spe-
cies that exists at its biological optimum under
conditions found primarily in late seral forests
of mixed conifer-hardwood in northwestern
California and southwestern Oregon. It is im-
portant to use caution when interpreting cor-
relative studies because cause and effect rela-
tionships cannot be conclusively demonstrated.
However, we believe our data link the Del Norte
salamander with conditions that exist primarily
in late successional forests throughout all but
the marine-influenced coastal areas of its range.
Ruggiero et al. (1988) argued that habitat pref-
erences are evidence of ecological dependence

because they are based on evolved behavior and
thus relate directly to the probability of persis-
tence. They stated, "When patterns of species
abundance and measures of survival and repro-
ductive success show a close association with a
particular environment(s), we should conclude
that the environment(s) is required for species
persistence" (Ruggiero et al., 1988). This study
demonstrates an ecological dependence by the
Del Norte salamander on attributes and con-
ditions found primarily in late seral forests.
These conclusions argue for modified forest
management practices that take into account the
ecological requirements of this salamander, at
least throughout the interior portions of its
range.
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