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Abstract: Regional amphibian distribution patterns can vary greatly depending on species and the spatial scale of 
inquiry (e.g., landscape to microenvironment). These differences appear to be related both to habitat selection 
among species as well as availability of suitable habitats across scales. M7e sampled amphibians in 39 second- and 
third-order streams in the conifer-hardwood forests of northwestern California and southwestern Oregon, USA 
(the Klamath-Siskiyou Region) during 1984 and 1985. We concurrently measured spatial, structural, composition- 
al, and climatic attributes of the forest and stream environment-attributes representing landscape, macroenvi- 
ronment, and microenvironment scales-to determine key habitat relationships. We captured 7 species, 97% of 
which were larval and paedomorphic Pacific giant salamanders (Dicamptodon tenebrosus) and larval and adult tailed 
frogs (Ascaphus trupi). Streams in late seral forests supported both the highest diversity of amphibians and the high- 
est densities of A. truei. Overall, A. truei distribution was patchy in occurrence, while D. tenebrosus distribution was 
widespread throughout the region at all scales. The incidence of A. truei was assessable at the landscape, macroen- 
vironment, and microenvironment scales; however. variation in density was most predictable at the microenviron- 
ment scale. Changes in density of D. tenebrosus were detected only at the microenvironment scale. Tree size class 
and plant species composition variables distinguishing younger from older, more structurally complex forests, and 
forest microclimates and in-stream attributes best determined the presence and density for both life stages of A. 
truei. However, only in-stream conditions were good predictors of D. tenebrosus density. A. truei occupied a narrow- 
er range of habitat conditions than D. tenebrosus, exhibiting an ecological dependence on lotic and riparian envi- 
ronments found more reliably in late seral forests. 
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Stream-dwelling amphibians of the U.S. Pacific 
Northwest exist in particularly dynamic environ- 
ments (Resh et al. 1988), where they exhibit a 
wide range of adaptations (Nussbaum et al. 1983, 
Leonard et al. 1993, Corkran and Thoms 1996) to 
cope with a variety of frequency- and scale-depen- 
dent ecological processes and disturbance 
regimes (Perry and Amaranthus 1997, Naiman et 
al. 2000). We examined the amphibian assem- 
blage of second- to third-order streams of south- 
western Oregon and northwestern California, 
USA (hereafter, the Klamath-Siskiyou or KS 
Region). Studying this assemblage allowed us to 
explore variation in amphibian adaptation within 
streams across a highly diverse and dynamic for- 
est ecosystem. Such studies can augment our 
knowledge of both ecological and evolutionary 
processes and provide key information on how 

I 

landscapes can best be managed to maintain sen- 
sitive native fauna such as amphibians (e.g., Sem- 
litsch 2000). 

n 

Forest riparian and aquatic habitats in the Pacif- 
ic Northwest, while naturally dynamic and 
resilient, have been profoundly altered by recent 
land-use practices in adjacent uplands (e.g., even- 
aged management, clearcutting; Reeves et al. 
1995, Jones and Grant 1996, Perry and Amaran- 
thus 1997). Amphibian biomass can be extremely 
high-often exceeding that of fishes-in streams 
of the Pacific Northwest (Murphy and Hall 1981, 
Hawkins et al. 1983, Bury et al. 1991), which 
underscores the importance of understanding the 
influences of various natural and anthropogenic 
disturbance regimes on these species. Welsh 
(1990) hypothesized that the greater occurrence 
and higher abundances of tailed frogs (Ascaphus 
truei) and southern torrent salamanders (Rhya- 
cotriton variegatus) in streams in old-growth com- 
pared with young forests in the KS Region were 
the result of their pronounced sensitivity to the 
effects of forest management. Bury and Pearl 
(1 999) reported that stream amphibian popula- 
tions in the Oregon Coast Range had not recov- 
ered 35-50 years after clearcut harvesting. Howev- 
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or Diller and [I9991 with Corn and Bury 
[19891), and may reflect differences in species 
tolerances and/or differences in environmental 
conditions among ecogeographic provinces with- 
in the Pacific Northwest. 

During the early 1980s, the U.S. Forest Service 
initiated an extensive research program to exam- 
ine patterns of wildlife species distribution and 
abundance in the Douglas-fir (Pseudotsuga men- 
ziesii) forests of the Pacific Northwest (the Old- 
Growth Forest Wildlife Habitat Research and 
Development Program). This program was 
unprecedented in its geographic scope and coor- 
dination, covering portions of 3 states (Washing- 
ton, Oregon, California) and bringing together 
researchers and managers from dozens of nation- 
al forests, federal research units, and major uni- 
versities (Ruggiero 1991). As a part of this pro- 
gram, we investigated the species composition 
and ecological relationships of stream amphibian 
assemblages in 39 second- to third-order streams 
in mixed conifer-hardwood forests of the KS 
Region. Detailed knowledge of these relation- 
ships is of great value for forest management to 
preserve amphibian diversity. Our research 
hypothesis was that variation in stream amphib- 
ian presence and abundance can be related to 
species-specific and scale-dependent variation 
along specific environmental gradients. Specifi- 
cally, we expected to find patterns in species com- 
position and abundance relative to landscape 
variables such as elevation, latitude, aspect, forest 
seral stage and related structural attributes of the 
forest environment, and physical and hydrologic 
attributes of the stream environment. This 
approach was intended to increase our under- 
standing of ecological relationships at both 
coarse and fine spatial scales for species that may 
select and use habitats differently (e.g., specialists 
and generalists; Fu tuvma and Moreno 1988, Van 
Tienderen 1991). Given the nature of the overall 
study design (Carey and Spies 1991), our work 
was intended to be exploratory, descriptive, and 
hypothesis-generating rather than hypothesis- 
testing. Our study design fits that described by 
Waters and Erman (1990: 18) as a "controlled 
experience study," which differs from a strictly 
observational study in the degree to which varia- 
tion in the primary variables of interest are con- 
trolled or accounted for. In this instance, forest 
sites were systematically selected to represent 
both the range of geographic variation across the 
mixed Douglas-fir-hardwood forests of the KS 
Region and the seral continuum from young to 

old-growth forest. We collected data and eluci- 
date patterns across spatial scales from regional b 

distributional relationships to individual animal 
microhabitat associations. We present the first 
quantitative comparative analysis of habitat selec- , 
tion by adult and larval A. truui. 

STUDY AREA 
The 70 large study stands in the KS Region used 

for the Old-Growth Forest Wildlife Habitat Re- 
search and Development Program were selected 
by botanists to represent the range of Douglas- 
fir-mixed hardwood vegetation types and their 
seral stages (Bingham and Sawyer 1991). The ter- 
restrial wildlife sampling sites were a subset of 54 
stands that were additionally constrained by logisti- 
cal factors such as road access. These 54 stands 
were sampled for most vertebrate taxa, including 
the terrestrial herpetofauna (for specifics, see 
Welsh and Lind 1991). For the study of aquatic 
herpetofauna described in this paper, we located 
39 second- or third-order perennial streams that 
were either within or adjacent to the available ter- 
restrial wildlife sampling sites. We then determined 
a random starting point for placement of our 
sampling units within streams (see Methods). 
The streams were separated into 3 age classes 
based on the estimated stand age of adjacent 
upland forest (young = 30-99 years, mature = 

100-200 years, and old-growth or late seral = >200 
years). We selected 9 streams each in young and 
mature forest and 21 streams in late-sera1 forest. 
Actual forest ages (range 41-560 yr) were deter- 
mined by taking the mean of 3 tree cores in the 
dominant size class of conifers (Douglas-fir) along- 
side each stream. We selected streams across a 
wide geo'graphic area to represent the range of 
variation in small lotic systems in the KS Region 
(Fig. 1; see Welsh and Lind [1991:Table 91 for 
township and range coordinates). 

METHODS 

Animal and Environment Sampling 
Corn and Bury (1989) found that a single 10-m 

long sample reach per stream was suff~cient to 
detect the stream amphibian species of southwest 

+ 

Oregon. However, Welsh (1987) considered this 
approach insufficient to detect variability within 
streams in northern California and proposed 
instead using 3 5-m long reaches (see also Bury 
and Corn 1991). We sampled 3 5-m-long reaches 
in each of the 39 streams during July and August 
of 1984 and 1985. We placed the first reach by 
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Fig. 1. Locations of 39 streams in southwestern Oregon and 
northwestern California, USA (the Klamath-Siskiyou Region), 
sampled during summers 1984 and 1985. 

selecting a random starting point upstream of the 
nearest trail or road access and paced an addi- 
tional 50 m upstream. The second and third sam- 
ple reaches were located by pacing 105-1 10 m, 
and 160-165 m, respectively, from the original 
starting point, which provided a minimum of 50 
m between reaches. We occasionally shifted reach 
placement slightly to avoid major obstructions 
such as large logs that prohibited sampling. Each 
reach was mapped to scale on graph paper for 
computation of relative amounts of available 
microenvironments (pool, riffle, etc.) and sub- 
strates (by size class), and to precisely map ani- 
mal capture sites. Reaches for a given stream 
were mapped and sampled in a single day. We ini- 
tially measured 58 landscape, macroenviron- 
ment-, and microenvironment-scale attributes 
associated with each reach and stream. 

@ We sampled amphibians by searching all 
streambed substrates within each reach working 
systematically upstream, with hardware-cloth 
catch nets placed downstream, and from bank to 
bank to capture escaping animals (Welsh 1987). 
We used plexiglass viewing windows to see under 
water, and sifted or removed all mobile substrates 
within the reach. For each capture, we recorded 

the sex, stage (A. truei larva, metamorph, adult; 
D. tenebrosus: larva or paedomorph) , snout-vent 
length (SVL) , aquatic microhabitat (pool, riffle, 
seep, etc.), animal position (e.g., in, under, on), 
and associated rock particle size class (Platts et al. 
1983). During 1984, the position of the animal 
determined whether the associated rock particle 
size class was cover or substrate (e.g., position = 

"under" indicated cover, position = "on" indicat- 
ed substrate), and during 1985, substrate and 
cover were recorded as 2 separate variables. 

We used the maps of each reach to calculate areas 
and derive percent estimates (percent substrate 
and cover) and amount by aquatic microenviron- 
ment category for each linear meter of stream. The 
following variables were estimated: aquatic micro- 
environment (pool, riffle, waterfall, seep); sub- 
strate; and cover (fines, detritus, gravel, pebble, 
cobble, boulder, bedrock). We did not assess vari- 
ation in the size of subsurface substrates of our 
streams; thus, availability of substrate and cover 
were based on visual estimates of the surface layer. 

Statistical Analyses 
To evaluate our research hypothesis, we ana- 

lyzed relationships between amphibian species 
and forest and stream environments using 3 sta- 
tistical hypotheses to test for (1) differences in 
diversity, (2) patterns of presence or absence 
(incidence), and (3) relationships between envi- 
ronmental gradients and animal densities. We 
examined patterns of species diversity by individ- 
ual stream (3 reaches combined) using the Shan- 
non Diversity Index (SDI), a metric incorporat- 
ing both richness and evenness (Magurran 1988). 
To test the statistical null hypothesis of "no varia- 
tion in diversity relative to forest sera1 stage," we 
regressed SDI values for the 39 streams against 
forest age. To test the same hypothesis for the 2 
most common species, A. truei (life stages com- 
bined) and D. tenebrosus (larvae and paedo- 
morphs combined), we used ANOVA followed by 
Tukey HSD tests to compare densities (cap- 
tures/m2) among 3 forest age classes. 

Only 2 species, A. truei and D. tenebrosus, were 
captured in sufficient numbers for a detailed 
analysis of habitat relationships. To test the statis- 
tical null hypothesis of "no relationship between 
A. truei and various environmental attributes," we 
used 2 complementary multivariate methods that 
address the separate questions of what variables 
are associated with presence and absence (inci- 
dence) at a site, and what variables are associated 
with variation in density at occupied sites. Larval 
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and adult life stages were analyzed separately. We 
used stepwise Zgroup discriminant analysis (DA, 
SAS Institute 1990) to detect patterns of associa- 
tion between A. truei presence and combinations 
of environmental variables (i.e., to find which 
variables added additional discriminatory 
power). We used all-possible-subsets regression 
analysis (APS; SAS Institute 1990) to examine dif- 
ferences in densities among occupied sites (i.e., 
where captures > 0), relative to the same inde- 
pendent variables. All-possible-subsets regression 
analysis allowed us to objectively select from our 
sets of related independent variables (Table 1) 
those that best tracked with changes in animal 
numbers, and were thus the best candidates for 
data-based habitat model building, and for gen- 
erating meaningful new explanatory hypotheses. 
In the case of D. tenebrosus, which was present in 
all but 1 stream and all but 8 reaches, we used 
only APS and examined correlates to variation in 
densities (larvae and paedomorphs combined). 

We conducted preliminary descriptive analyses 
to assess the normality of the distributions of all 
variables and eliminate redundant variables. 
Deviations were corrected by appropriate trans- 
formations (square root, arcsine, or natural log; 
Sokal and Rohlf 198 1). We assumed that univari- 
ate normality implied multivariate normality but 
did not test multivariate normality directly. Vari- 
ables with high numbers of zero values (>50%) 
were dropped or combined with other variables 
where appropriately additive (e.g., large and very 
large conifers). We used correlation analysis to 
eliminate highly intercorrelated pairs of variables 
(those with r 2 0.7), retaining the 1 with the high- 
est correlation with amphibian presence or den- 
sity. This process resulted in 45 independent vari- 
ables for multivariate analyses (Table 1) .  We 
arranged the 45 independent variables hierarchi- 
cally, representing 3 spatial scales-landscape, 
macroenvironment or stand, and microenviron- 
ment (see Wiens 1989)-and then into ecological 
components (see Welsh and Lind 1995) repre- 
senting logical classes of structural, composition- 
al, or climatic attributes of the forest or stream 
environment (Table 1). Landscape variables were 
those characterizing broad expanses of the land- 
scape surrounding each of the 39 streams (i.e., 
attributes at the scale of the drainage basin such 
as latitude and mean annual rainfall). Macroen- 
vironment variables were those that described 
forest stand-level attributes adjacent to the 
streams and measured at each reach (e.g., densi- 
ties of trees by type and size class). Microenviron- 

ment variables were those that described condi- 
tions within each 5-m reach (e.g., proportion 
pool, rime, run, aquatic substrates, and water 
velocity; Table I ) ,  and fine-scale attributes associ- 
ated with amphibian capture points within the 
reaches (see individual-based microhabitat asso- 
ciations analyses below). 

We analyzed landscape-scale relationships at 
the stream level (n  = 39) and relationships at the 
macroenvironment and microenvironment scales 
at the reach level (n  = 117; compare with 
Townsend and Crow1 1991). For each species or 
life stage, we conducted separate analyses by eco- 
logical component to detect informative vari- 
ables in each category (Table 1). We then com- 
bined these sets of variables in a second-stage 
analysis to derive composite habitat models by 
species or life stage, at both the landscape and 
combined macro- and microenvironment scales. 

For stepwise model building in the DA, a vari- 
able was entered if the P-value for the partial F 
statistic was 10.10. This moderate a-level reduces 
the chance of Trpe I1 errors and is more appro- 
priate for detecting ecological trends (Toft 1991). 
For final model acceptance and subsequent test- 
ing, we set a 1 0.05. A linear discriminant func- 
tion was then derived from those variables select- 
ed. We used Bartlett's modification of the 
likelihood ratio to test the homogeneity of vari- 
ance-covariance matrices (SAS Institute 1990). 
We then tested the ability of our models to accu- 
rately predict whether a given site supported ani- 
mals (i.e., the classification success) with a jack- 
knife procedure (SAS Institute 1990). Cohen's 
kappa statistic (Titus et al. 1984) was computed 
for each of these tests to indicate classification 
success compared with chance. Here, we 
assumed our random representative site selection 
yielded a proportion of sites with or without the 
dependent variable that reflected true propor- 
tions. Therefore, we adjusted the prior probabili- 
ties of group membership accordingly (priors 
proportional; SAS Institute 1990). 

For the APS, we report and discuss variables or 
models with the best adjusted R2 (smallest mean 
square error) for each ecological component 
(Table I) ,  whether statistically significant (P 5 
0.05) or not, except in those instances where the 
best R2 was near zero or negative. For those mod- 
els where the adjusted R2 continued to increase 
but the number of variables exceeded the sample 
size to variable ratio recommended by Johnson 
(1981), we used the lowest Mallows' Cp statistic 
(Neter et al. 1989) to determine the appropriate 
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Table 1. Hierarchical arrangement of ecological components represented by 45 measurements of the forest and stream environ- 
ment taken in conjunction with amphibian sampling (see text). Separate discriminant (DA) and regression (APS) analyses were 
run for each ecological component with the resulting variables combined for composite habitat model building. * 

Macroenvironment (reach level) 

Microenvironment (reach level) 

Scale Ecological component Variable 

Landscape (stream level) Geographic relationships Latitude (degrees) 
* Elevation (m) 

Stream slope (%) 
Aspect   degree^)^ 

Climate Rainfall (~mlyear)~ 
Solar indexC 
Air temperature ("C) 

Forest structured Small conifers-c 
Small hardwoods-c 
Medium conifers-c 
Medium hardwoods-c 
Large and very large conifers-c 
Canopy closure (%)e 
Forest age (yr)' 
Understory conifers 
Understory hardwoods 
Understory shrubs 
Herbs 
Grass 
Ferns 
Moss 
Other 
Poolg 
Riff leg 
waterfallh 
Seeph 
Gravel (2-32 mm) 
Pebble (32-64 mm) 
Cobble (64-256 mm) 
Boulder (256+ mm) 
Boulder 

Log 
Bank 
Vegetation 
Bedrock 
Total 
Water temperature ("C) 
Water velocity (mlsec) 
Mean depth (cm) 
Mean width (m) 
Mean bank slope (%) 
Stream canopy closure (%)I 

Speciesk No. D. tenebrosus 
No. A. truei larvae 
No. A. truei adults 

Shrubs and understory trees (%)g 

Ground-level vegetation (%)g 

Aquatic microenvironments (%) 

Aquatic substrates (%)I 

Overhanging cover ( x ) ~  

Aquatic conditions 

a Aspect was measured in degrees and converted to 1 of 9 directions for analysis. In this scheme, 5 is equivalent to both due 
east and due west, numbers 45 are increasingly more northerly, and numbers >5 are increasingly more southerly. 

Rainfall data were taken from National Oceanic and Atmospheric Administration weather stations. Streams were matched 
with the closest and most topographically similar station available; annual averages of the longest period available within the past 
30 years were used (minimum = 4 yr, maximum = 30 yr). 

Solar index is an estimate of annual incident solar radiation based on latitude, slope, and aspect (Frank and Lee 1966). 
c = count variable (numbers per hectare): small trees = 1-9 cm diameter at breast height (dbh) and medium trees = 9 4 9  cm + 

dbh were counted in a 1120th-ha circle, large trees = 50-99 cm dbh and very large trees = >I00 cm dbh were counted in a 115th- 
ha circle. 

Visual estimate in 115th-ha circle. 
Forest age is based on 1 tree core from the dominant size class of conifers adjacent to each stream reach. 

g Visual estimate of the percent of the sampling area: 1120th-ha circle for vegetation, 5-m stream reach for aquatic microenvi- 
ronments. 

Measured and mapped area. 
Particle diameters are from Platts et al. (1983); visual estimate of percent of 5-m stream reach. 

1 The average of 5 readings taken using a spherical densiometer for each 5-m stream reach. 
Common sympatric species and/or life stages were included reciprocally as independent variables. 
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y = 4.278 t 0.140 (forest age) ' 1  ~ = 0 . 2 1 1 , P = 0 . m 1 9 , n = 3 9 s t r e a ~  

I I 
I 

0 ,  = q I 
I , - I t 1 

33 54 90 148 245 403 665 

Forest Age (years) 

Fig. 2. Amphibian diversity (Shannon Diversity Index) of the 
stream amphibian assemblage relative to forest age in the 
Douglas-fir-hardwood forests of the Klamath-Siskiyou 
Region. Data and regression equation reflect natural log 
transformation of forest age; X-axis was back-transformed to 
show actual forest age. 

model to report. This approach prevented the 
incorporation of additional variables that did not 
add substantially to explanatory power. For the 
composite habitat models, we started with the set 
of variables from the best ecological component 
models, regardless of significance; however, for 
model acceptance, we set a 50.05. 

Last, we examined the finest-scale environmen- 
tal relationships of individual A. truei and D. tene- 
brosus using 2 approaches: tests of association 
(chi-square contingency) and use-versus-availabil- 
ity analyses (e.g., Johnson 1980; paired t-tests) . 
These analyses are hereafter referred to as indi- 
vidual-focused microhabitat associations and use- 
versus-availability analyses, respectively, and they 
test the statistical null hypothesis of "no differ- 
ences in animal use of microenvironments." Sig- 
nificance levels for these analyses were set at a 5 
0.05, and they were adjusted for multiple tests in 
each category using a Bonferroni adjustment 
(Stevens 1986). 

For tests of association, we were interested in 
whether a given species or life stage was associat- 
ed with particular aquatic microenvironment 
types (e.g., pool, riffle, run, etc.), substrates, or 
cover types relative to other species or life stages. 
Here, the individual animal was the unit of analy- 
sis and the aquatic microenvironment type, sub- 
strate, or cover with which it was immediately 
associated at capture were the descriptors. This 
analysis did not involve assessment of availability 
as did the use-versus-availability analysis 

described below. Rather, it was meant to compare 
the use of different habitat components among 
the species and their size classes or life stages. We 
conducted chi-square (x2) contingency table 
analyses using all captures of 3 life stages of A. 
truei and 3 size classes of D. tenebrosus. Some sub- * 

strate and cover categories were combined where 
appropriate to eliminate small sample sizes per 
cell (i.e., the composite categories comprised 
fines-detritus, gravel-pebble, cobble-boulder, 
and bedrock). Expected values were calculated 
using row and column totals of the contingency 
table (Sokal and Rohlf 1981). For each contin- 
gency table, the 3 cells with the highest x2 are 
reported regardless of significance. 

For the use-versus-availability analyses, our 
objective was to determine whether life stages of 
A. truei or size classes of D. tenebrosus demonstrat- 
ed habitat preferences (i.e., used a particular 
microhabitat type more or less frequently than its 
availability). Use was defined as the percent of 
captures of a given life stage or size class found in 
each aquatic microenvironment, substrate, or 
cover category and was calculated for each reach. 
Availability was derived from both measured and 
estimated values for each microhabitat, substrate, 
or cover category based on the detailed reach 
maps described above. We used paired t-tests to 
compare frequency of use relative to amount 
available in each microenvironment category by 
life stage or size class. The pairing here was done 
to link the used and available habitat information 
for each reach. The 5-m reach was the unit of 
analysis, and only those reaches where a given life 
stage or size class occurred were used in a partic- 
ular test. 

For both analyses, we placed A. truei into 3 life 
stages: larvae were those individuals from hatching 
through the development of 2 rear legs and front 
leg buds (n = 308); metamorphs had all 4 legs and 
were in the process of absorbing their tails (n = 

42); and adults were fully developed frogs (n = 

113). A. tmei primarily is a nocturnal forager on 
streambed periphyton (larvae) or riparian inver- 
tebrates (adults) so our analyses here are charac- 
terizing streambed diurnal retreat habitat use or 
preference. Twenty-four captures were omitted 3 

because data on life stage were missing. We 
placed D. tenebrosus into 3 size classes: small = <45 
mmSVL (n=414),medium=46-70mmSVL (n=  
291), and large = >70 mm SVL (n  = 83). We omit- 
ted 82 records from these analyses because SVL 
was not available (i.e., escapes). The size classes, 
which ostensibly represent year classes (young of 
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Table 2. Two-group (presence-absence) stepwise discriminant analyses of environmental parameters associated with Ascaphus 
trueia. Variables were grouped for separate analyses by ecological component (Table 1) with best models shown here. Variables . are listed in the order in which they entered each model. Models with heterogeneous variance-covariance matrices are indicat- 
ed by * on the first variable in the model. 

Larvaea Adulta 

Sites with Sites without Sites with Sites without 

Scale Ecological component i SD i SD 2 SD i SD 

Landscape Geographic relationships 
(streams) *Elevation (m) 101 4.4 362.8 479.2 177.1 *Elevation (m) 1091.7 372.3 541.8 214.1 

Aspect (degrees) 5.9 1.7 5.4 1.5 Aspect (degrees) 6.0 1.9 5.5 1.4 
Climate 
Air temperature ("C) 17.7 3.4 21.7 2.7 Air temperature ("C) 17.8 4.3 20.8 3.2 

Macroenvironment Forest structure 
(reaches) Forest age (yr) 303.4 164.0 180.6 146.7 *Large and very large 

conifers (stemstha) 55.0 25.2 34.4 25.6 
Medium hardwoods Small hardwoods 

(stemstha) 123.6 161.6 21 7.9 151.4 (stemstha) 145.2 285.8 387.7 449.1 
Small conifers Medium hardwoods 

(stemstha) 108.8 147.7 127.4 142.2 (stemstha) 69.4 95.8 229.6 162.1 
Small hardwoods 

(stemstha) 223.8 305.0 372.5 477.9 

Shrub and understory trees (% cover) 
*Understory 'Understory 

hardwoods 14.7 16.2 19.0 12.2 hardwoods 

Ground-level vegetation (% cover) 
Herbs 22.8 19.9 14.6 15.6 Herbs 

Microenvironment Aquatic microenvironments (% of reach) 
Riffle 62.1 17.2 49.3 18.9 Riffle 
Waterfall 2.1 2.2 1.5 2.6 

Aquatic substrates (% of reach) No model 
Cobble 29.9 11.9 26.1 12.3 

Overhanging cover No model No model 
Aquatic conditions 

Water temperature Water temperature 

("c) 11.4 2.1 14.0 2.0 ("C) 10.9 2.3 13.7 1.9 
Mean depth (cm) 14.7 6.0 13.7 4.3 Water velocity (mtsec) 29.5 14.6 17.1 10.5 
Water velocity 

(mtsec) 26.4 14.4 16.2 9.7 No. D. tenebrosus 1.2 1.1 0.8 0.6 

a Thirty-nine streams and 117 reaches were sampled; larvae occurred in 21 streams and 50 reaches, and adults occurred in 
16 streams and 38 reaches. 

the current year, second year, third year, and 
older), were based on Parker (1991), who studied 
D. tenebrosus in 1 of our sample streams. We also 
omitted observations if data were missing for a 
given microenvironment variable, which resulted 
in different sample sizes for our analyses of aquat- 
ic microenvironments, cover, and substrate. 

variable (Fig. 2). Five of the 7 species occurred in 
relatively low numbers (0.1-1.5% of total obser- 
vations). We found 2 California slender salaman- 
ders (Batrachoseps attenuatus) , 6  black salamanders 
(Aneides jZavipunctatus) , 1 1 southern torrent sala- 
manders (Rhyacotm'ton vam'egatus) , 23 adult foot- 
hill yellow-legged frogs (Rana boylii), and 3 
rough-skinned newts (Tam'cha granulosa). The 2 

RESULTS remaining species constituted 96.9% of all cap- 

Amphibian Diversity 
tures. Tailed frogs (Ascaphus truei; larvae and 
adults, n = 487) were present in 21 of 39 streams. 

We captured 1,400 individuals of 7 species in 39 We found A. truei larvae in 21 streams and 50 of 
streams. Amphibian diversity (SDI) was greater in 117 reaches, and adult frogs in 16 streams and 38 
streams traversing stands with greater forest age; of 117 reaches. Pacific giant salamanders 
21% of the variance was explained by this single (Dicamptodon tenebrosus; larvae and paedomorphs, 



588 STREAM AMPHIBIANS OF THE KLAMATH-SISKIYOU Welsh and Lind J. Wildl. Manage. 66(3):2002 

Table 3. Classification (jacknife procedure) results for 2-group (presence-absence) discriminant analyses of environmental para- 
meters associated with Ascaphus truei. Variables were grouped by ecological component (Table I)  with best models shown here. 
Except where indicated (*) all classification results were significant at P = 0.05 or less based on Cohen's kappa statistic (Titus et 
al. 1984). 

Larvae classificationa Adults classificationa 

Present! Present/ Absent/ Absent/ % Present/ Present/ Absent/ Absent! % 

Model n present absent absent present Correct present absent absent present Correct 

Geographic relationships 
Climate 
Landscape composite 
Forest structure 
Shrub and understory trees 
Ground-level vegetation 
Aquatic microenvironments 
Aquatic substrates 
Overhanging cover 
Aquatic conditions 
Macro-microhabitat 

composite model 

39 16 5 17 1 84.6 
39 15 6 13 5 71.8 

Same as geographic relationships model 
117 29 21 54 13 70.9 
117 20 30 59 8 67.5 
117 17 33 54 13 60.7* 
117 27 23 49 18 64.9 
117 11 39 56 11 57.3* 

No model 
84 20 14 43 7 75.0 

13 3 21 2 87.2 
8 8 18 5 66.7 

Same as geographic relationships model 
23 15 69 10 78.6 
22 16 76 3 83.8 
11 27 70 9 69.3 
13 25 72 7 72.6 

No model 
No model 

13 9 59 3 85.7 

a Presenvpresent = present, predicted as present; presenvabsent = present, predicted as absent; absenvabsent = absent, pre- 
dicted as absent; absenvpresent = absent, predicted as present. 

n = 870) were present in all but a single stream, truei were more abundant in streams in late seral 
and in 109 of 117 reaches. (0.58 + 0.81/m2) versus young forests (0.02 + 

0.06/m2; mean + 1 standard deviation). 
Relationships of Ascaphus truei with the Landscape Scale Relationships of Ascaphus 
Forest and Stream Environment truei.-The best geographic relationships model 

A. truei were found more often in streams in 
late seral forest (8 1 %) compared with streams in 
mature (56%) or young forests (1 1 %; previously 
reported in Welsh [1990]). A. truei densities (life 
stages combined) were significantly different 
among forest age classes (ANOVA: df = 2, 36; F = 

3.27; P = 0.0495). Pairwise tests showed that A. 

Discriminant Scores Discriminant Scores 

Lower -------- Elevation -------- Higher Lower -------- Elevation --------Higher 
North ----- ----- Aspect ----------- South North -......... Aspect ..-.----.--South 

Fig. 3. Variation in the incidence (presence = filled bars; 
absence = open bars) of tailed frogs in streams of the Kla- 
math-Siskiyou Region relative to the best landscape scale 
composite habitat model as determined by 2-group discrimi- 
nant analyses. (A) Larvae. (B) Adults. Both models had het- 
erogeneous variance-covariance matrices. 

for indicating A. truei incidence (DA model) con- 
sisted of the variables "elevation" (higher for 
streams supporting A. truei) and "aspect" (more 
southerly for streams with A. true< DA: larvae df = 

2, 36; F = 3.27; P = 0.0001; adult df = 2, 36; F = 

19.57; P = 0.0001; Tables 2 and 3). The best cli- 
mate DA model indicated that "air temperature" 
was lower along streams with A. truei (DA: larvae 
df = 2, 36; F = 13.27; P = 0.0009; adult df = 2, 36; F 
= 6.20; P = 0.0174; Tables 2 and 3).  Air tempera- 
tures alongside streams co-varied negatively with 
elevation ( r  = -0.482, P = 0.0019), which we sus- 
pect explains why temperature failed to con- 
tribute significantly to the landscape-scale com- 
posite DA model (Fig. 3A; larvae df = 2, 36; F = 

3.27; P = 0.0001). These landscape-scale DA mod- 
els were, predictably, identical for indicating the 
incidence of the 2 life stages of the tailed frog 
(Fig. 3A and 3B; adult df = 2, 36; F = 19.57; P = 

0.0001; Table 3). We did find differences between 
life stages in our analyses of density (APS models) 
at the landscape scale. A. truei larvae were more 
abundant in higher elevation streams, and their 
numbers varied negatively with increasing solar 
index values and air temperatures (Table 4). 
Numbers of adult A. truei, however, varied posi- 
tively with higher rainfall and negatively with 



Table 4. All-possible-subsets regressions relating ecological components (Table 1) to numbers of Ascaphus truei and Dicamptodon tenebrosus, using sites with captures only. The best mod- 
els (based on highest adjusted R2) are shown. Separate analyses were conducted on each ecological component; variables entering each model were used to derive a final composite model. 
Variables are presented in order of relative importance in each model. Standardized coefficients are given in parentheses following the covariates (sign indicates relationship with amphibian 
species or life stage numbers). 

Larval A. truei 
Ecological R2 

Scale component (adj.) F P SE Covariate 

Landscape Geographic 0.274 8.55 0.0087 0.28 Elevation (0.557) 
(stream) relationships 

Climate 0.327 5.87 0.01 09 0.27 Solar index (-0.51 6) 
Air temp. (-0.403) 

Composite 0.359 4.73 0.0141 0.26 Solar index (-0.344) 
model Air temp. (-0.329) 

Elevation (0.305) 
Macrohabitat Forest 0.162 3.36 0.01 72 0.35 Medium conifers 

(reach) structure (-0.355) 
Medium hard- 
woods (-0.265) 

Small hard- 
woods (-0.206) 

Forest age (-0.1 52) 

Shrub and under- 0.007 1.36 0.2489 0.38 Understory shrubs 
story trees (-0.166) 

Ground-level 0.1 32 8.44 0.0055 0.35 Herbs (0.387) 
vegetation 

Microhabitat Aquatic 0.077 5.11 0.0284 0.36 Riffle(0.310) 
(reach) microhabitat 

Aquatic 0.040 3.05 0.0870 0.37 Boulder (-0.245) 
substrates 

Overhanging None 
cover 

Aquatic 0.336 6.57 0.0015 0.30 No. Ascaphus adults 
conditions (0.488) 

Water velocity 
(0.398) 

Avg. bank slope 
(0.303) 

(continued on next page) 

Adult A. truei D. tenebrosus 
R* R2 

(adj.) F P SE Covariate (adj.) F P SE Covariate 

0.187 4.45 0.053 0.21 Aspect (-0.491) 0.095 2.95 0.0655 0.29 Latitude (-0.280) 
Stream slope (0.266) 

0.203 2.91 0.091 0.21 Solar index (-0.399) None 
Rainfall (0.381) 

0.344 4.93 0.025 0.19 Aspect (-0.534) None 
Rainfall (0.438) 

0.291 4.79 0.0037 0.20 Small hard- 0.021 3.28 0.0721 0.33 Medium conifers 
woods (-0.51 4) (0.1 72) 

Small conifers 
(-0.344) 

Medium hard- 
woods (-0.181 ) 

Lg.-very Ig. 
conifers (0.149) 

0.057 3.26 0.079 0.23 Understory hard- 0.031 4.45 0.0372 0.33 Understory hard- 
woods (-0.288) woods (-0.199) 

0.171 8.61 0.006 0.22 Herbs (0.439) 0.048 6.43 0.0127 0.33 Grass cover 
(-0.238) 

0.208 10.72 0.002 0.21 Pool (0.479) 0.01 1 6.77 0.01 06 0.33 Pool (0.244) 

0.496 19.22 0.0001 0.1 7 Bedrock (0.679) 0.103 
Boulder (0.1 68) 

0.143 3.06 0.041 1 0.22 Vegetation cover 0.01 1 
(-0.259) 

Bank cover (-0.228) 
Log cover (0.227) 

0.456 8.76 0.0001 0.18 No. Dicamptodon 0.301 
(0.497) 

No. Ascaphus 
larvae (0.351) 

Mean stream 
depth (-0.283) 

Avg. bank slope 
(-0.1 64) 

7.22 0.001 1 0.32 Bedrock (0.280) 
Pebble (0.267) 

1.41 0.2434 0.33 Boulder overhang 
(-0.179) 

Veg. overhang (-0.280) 
Total overhang (0.248) 

10.30 0.0001 0.28 No. Ascaphus adults 
(0.448) 

No. Ascaphus larvae 
(-0.327) 

Avg. stream width 
(-0.287) 

Overstream canopy 
(0.164) 

Avg. bank slope (0.1 08) 
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increasingly southern aspect. Consequently, the 
landscape-scale composite APS habitat models 
for the 2 life stages had no variables in common 9 

(Table 4). The best landscape-scale composite 
habitat model for larval density combined vari- 
ables from the geographic relationships and cli- . 
mate models, and explained 36% of their varia- 
tion (Table 4). In the best landscape-scale 
composite habitat model for adult A. truei densi- 
ty, the variable "solar" was replaced by the highly 
correlated variable "aspect," with the resulting 
model accounting for 34% of variation in adult 
numbers (Table 4). 

Macroenvironment Scale Relationships of Ascaphus 
truei.-At this spatial scale, the negative relation- 
ships with the incidence of both life stages of A. 
truei and small and medium-size trees, and the 
positive relationship with either forest age or large 
and very large conifers (both indicative of late- 
sera1 conditions, and significantly correlated [r = 

0.41 1, P = 0.00011) indicated a significant rela- 
tionship between Ascaphus incidence and older 
forests (DA: larvae df = 4, 112; P = 10.06; P = 

0.0001; adult df = 3, 113; F = 15.93; P = 0.0001; 
Tables 2 and 3). The lower percent cover of 
understory hardwoods (DA: larvae df = 1, 1 15; F= 
6.66; P =  0.0001; adult df = 1, 115; F= 31.43; P =  
0.0001; Tables 2 and 3) and a higher herb com- 
ponent (DA: larvae df = 1, 115; F  = 6.66; P  = 

0.0001; adult df = 1, 115; F  = 31.43; P = 0.0001; 
Tables 2 and 3) at sites with Ascaphus present also 
were consistent with conditions found in moister 
late-sera1 forests (Bingham and Sawyer 199 1 ) . 
The macrohabitat-scale models of Ascaphus den- 
sity (APS) differed in minor details from the inci- 
dence (DA) models (compare Tables 2 and 4; 
macroenvironment scale), but the APS models 
indicated that the 2 life stages were more abun- 
dant in late-sera1 forests (Table 4). 

Microenvironment Scale Relationships of Ascaphus 
truei.-We detected the greatest differences in 
habitat associations between the life stages of 
Ascaphus at the microenvironment scale. Riffle 
habitat constituted a greater proportion of 
stream reaches at sites with both life stages pre- 
sent compared with reaches without A. truei, but 
reaches with larval incidence also were character- 
ized by a greater proportion of waterfall habitat 
(DA: larvae df = 2, 1 14; F= 9.13; P = 0.0002; adult 
df = 1, 115; F= 18.01; P= 0.0001; Tables 2 and 3). 
Densities of larval, but not adult, A. truei also were 
positively associated with the amount of riffle 
(Table 4). Reaches with larval incidence also con- 
tained greater amounts of cobble-sized substrates 
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Discriminant Scores Discriminant Scores 

~bg~i;;--w-~~;~~~~~t~-~-;;; ; :-~ More -- Understory Hardwoods -- Less 
Low .--.--.-- Water Velocity .--....- High 

Low -------- Water Velocity -------- High ~ i ~ h  .--.-water ~~~~~~~t~~~ -.--. L~~ 
More -- Understory Hardwoods -- Less More ..-.. small ~ ~ ~ d ~ ~ ~ d ~  ..-.-- L~~ 
Shallow ------- Mean Depth -------Deep 
Less ..........--- Cobwe .--..--.--...More 

Fig. 4. Variation in the incidence (presence = filled bars; 
absence = open bars) of tailed frogs in stream reaches of the 
Klamath-Siskiyou Region relative to best macro-microenvi- 
ronment scale composite habitat model as determined by 2- 
group discriminant analyses. (A) Larvae. (B) Adults. Both 
models had heterogeneous variance-covariance matrices. 

(DA: df = 1, 115; F= 2.82; P =  0.096; Tables 2 and 
3), while substrate variables were not good indi- 
cators of adult presence (Tables 2 and 3). Over- 
hanging cover was a poor indicator of the inci- 
dence of either life stage (Table 2), but the 
density of larval A. truei was negatively associated 
with the total amount of overhanging cover 
(Table 4). While the presence of both life stages 
was related to lower water temperatures and 
higher water velocities, those reaches with larvae 
present also had greater water depth (DA: larvae 
df = 3, 80; F = 14.2; P = 0.0001; Tables 2 and 3), 
whereas the incidence of adult frogs was associat- 
ed with the presence of D. tenebrosus (DA: adult df 
= 3, 80; F= 14.18; P <  0.0001; Tables 2 and 3). Lar- 
val densities (APS) varied positively with water 
velocity, average bank slope, and the number of 
adult frogs; this model alone explained almost 
34% of the variation in numbers of larvae (Table 
4). Adult frog densities at this scale varied posi- 
tively with percent pools, percent bedrock, and 
log cover, and negatively with percent bolder, veg- 
etation cover, and bank cover (Table 4). Adult A. 

, truei density was also positively related to D. tene- 
brosus and larval A. truei density. Adult A. truei 
density was negatively related to stream depth 
and bank slope. The aquatic conditions model 
explained over 45% of the variation in adult frog 
density (Table 4). 

Macro-microenvironment Scale Composite Habitat 
Models for Ascaphus truei.-The composite 

macro-microhabitat model for incidence of lar- 
val A. truei contained 2 macroenvironment vari- 
ables depicting late sera1 forest and 4 microenvi- 
ronment variables describing cold, fast-flowing 
water on cobble (DA: df = 6, 77; F = 11.13; P = 

<0.0001; Fig. 4A). The composite habitat model 
for sites with adult A. truei incidence also consist- 
ed of 2 macroenvironment variables indicative of 
older, moister mixed forest, but had only 2 
microenvironment variables, describing cold, 
fast-flowing stream habitats (DA: df = 4, 112; F = 

28.80; P = <0.0001; Fig. 4B). Water temperature 
and water velocity occurred in the composite 
habitat models of both life stages (Fig. 4A,B). 
Overall, our DA models at the macro- and 
microenvironment scales predicted absence 
more accurately than presence (Table 3). In all of 
these models, errors of omission (predicting ab- 
sence when in fact A. truei was present) were 
more prevalent than commission errors (predict- 
ing presence when in fact A. truei were absent). 
This is especially evident in the adult frog models 
(Table 3). 

The best composite habitat model for A. truei 
larval density ( A P S )  at the combined macroenvi- 
ronment and microenvironment scales ex- 
plained 48.8% of their variation (Table 4). This 
model consisted of 3 negative relationships: over- 
hanging cover, understory shrubs, and percent 
boulder; and 3 positive relationships: numbers of 
adult frogs (the best indicator of larval density), 
water velocity, and average bank slope (Table 4). 
The best composite APS habitat model for adult 
frogs explained 68.8% of their variation (Table 
4). This model consisted of 3 positive relation- 
ships: ground-level herb cover (the best indicator 
of adult density), percent bedrock, and numbers 
of D. tenebrosus larvae; and 1 negative relation- 
ship: percent overhanging vegetation cover 
(Table 4). 

Relationships of Dicamptodon tenebrosus 
with Forest and Stream Environments 

Dicamptodon tenebrosus showed no relationship 
to forest age (ANOVA: df = 2, 36; F = 1.17; P = 

0.3233), with densities of 0.76 (f 0.53)/m2 in 
young, 0.60 (f 0.57)/m2 in mature, and 0.93 (f 
0.68) /m2 in old-growth forests. 

Multiscale Analysis of Density of Dicamptodon 
tenebrosus.-At the landscape scale, we found no 
significant indicators (single variables or models) 
for differences in D. tenebrosus density (Table 4). 
The best composite habitat model at this scale 
consisted of the geographic relationships vari- 
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Tailed Frog Pacific Giant 
Salamander Larvae 

Fig. 5. Microhabitat associations of 3 age classes of tailed 
frogs (larva, metamorph, adult) and 3 size classes of Pacific 
giant salamanders for (a) stream habitat, (b) substrate, and (c) 
cover. Missing data resulted in different sample sizes (in 
parentheses) for analyses of aquatic microenvironments, 
cover, and substrate. 

ables, latitude and slope, which was not a signifi- 
cant model (Table 4). At the macroenvironment 
scale, D. tenebrosus densities varied negatively with 
cover of understory hardwoods and grass, and 
positively, but nonsignificantly, with density of 
medium conifers (Table 4). Both understory 
hardwoods and grass cover are indicative of 
ground disturbance or natural openings, suggest- 
ing a possible avoidance of such areas by D. tene- 
brosus. The macroenvironment scale models had 
relatively low adjusted R~ (Table 4), suggesting 
weak biotic relationships. 

At the microenvironment scale, D. tenebrosus was 
more abundant in reaches with greater percent- 
ages of pool habitat and in areas with bedrock and 
pebble substrates (Table 4). The variables for 
cover failed to generate a statistically significant 
model (Table 4). The aquatic conditions compo- 
nent yielded the best model for D. tenebrosus, indi- 

cating a positive relationship with density of adult 
A. truei, over-stream canopy, and average bank 
slope, and a negative relationship between densi- 
ty of larval A. truei, and average stream width. 
This model explained 30.1% of the variation in 
giant salamander density (Table 4). 

The best macro-microenvironment scale com- 
posite APS habitat model for D. tenebrosus, con- 
sisting of 1 macroenvironment variable and 8 
microenvironment variables, explained 39.6% of 
the variation in density of giant salamanders in 
our reaches (Table 4). This model indicated that 
reaches with relatively narrow, shady channels, 
with medium-coarse substrate, slow water, and 
pools, at less disturbed forest sites, contained the 
highest larval salamander densities. 

Individual-focused Microhabitat 
Associations and Use versus Availability 

These finer resolution analyses demonstrated 
that A. truei larvae and adults and D. tenebrosus lar- 
vae were associated with different microenviron- 
mental conditions within streams. Both species, 
and life stage within species, were significantly 
associated with particular aquatic microenviron- 
ment types, substrates, and covers, and body size 
appeared to be an important factor in determin- 
ing cover use (Fig. 5). For aquatic microenviron- 
ment types, small salamanders occurred more 
than expected in pools and A. truei larvae 
occurred less than expected in pools, and more 
than expected in riffles, relative to the other 
species or life stages (x2 = 342.5, P < 0.0001; see 
Fig. 5 for effect sizes). For substrates, small sala- 
manders occurred less than expected on cob- 
ble-boulder and A. truei larvae occurred more 
than expected on cobble-boulder, and less than 
expected on fines-detritus, relative to other 
species or life stages (x2 = 113.2, P < 0.0001; see 
Fig. 5 for effect sizes). Medium and large sala- 
manders occurred less than expected under grav- 
el-pebble and A. truei larvae occurred more than 
expected under this substrate type relative to 
other species or life stages (x2 = 43.5, P < 0.0001; 
see Fig. 5 for effect sizes). 

Examining habitat use relative to availability for 
each species or life stage revealed patterns that 
were consistent with the x2 analysis of microenvi- 
ronmental associations, but that also provided 
evidence of active microsite selection by these 
amphibians (Johnson 1980). Among aquatic 
microenvironments, A. truei larvae and meta- 
morphs used riffles to a greater degree than they 
were available, and pools to a lesser degree than 
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Table 5. Microhabitat use relative to environmental parameter availability for 2 species and 3 life stages of stream amphibians 
(Ascaphus truei and Dicamptodon tenebrosus) in northwestern California and southwestern Oregon, USA. Data are from area- 
constrained sampling of 5 linear meters of stream in 1984 and 1985. Sample size (n) is the number of reaches each species-life 
stage occurred in for which there were complete data. Statistical significance (paired t-tests) is shown as: used greater than avail- 
able (>), used less than available (<), or not significant (-). Significance levels are adjusted for multiple tests in each group 
(microenvironment a = 0.0125, substrate a = 0.0071, cover a = 0.0083). Effect size for significant tests are represented as the 
absolute value of the mean difference between use and availability percent values; associated standard deviations are presented. 

r 

Aquatic microenvironmenta Substrateb CoverC 
Species-size class n Pool Riff Watfl Seep n Fine Detr Grav Pebb Cobb Bold Bedrk n Fine Detr Grav Pebb Cobb Bdd 

A. truei larvae 43 < > 
Mean difference 27.4 26.1 
S D 22.8 25.9 
A. truei metamorphs 23 < > 
Mean difference 29.6 19.7 
S D 18.2 32.9 
A. truei adults 37 - - 
Mean difference 
SD 
D. tenebrosus 
<45 mm SVLd 90 > < 

Mean difference 16.4 15.5 
SD 32.1 31.7 
D. tenebrosus 
45-70 mm SVL 85 > < 

Mean difference 17.7 14.2 
SD 32.8 33.2 
D. tenebrosus 
>70 mm SVL 46 - - 

Mean difference 
SD 

a Abbreviations: Riff = riffle; Watfl = waterfall. 
Abbreviations: Fine = fines; Detr = detritus; Grav = gravel (2-32 mm); Pebb = pebble (32-64 mm); Cobb = cobble (64-256 

mm); Bold = boulder (256+ mm); Bedrk = bedrock. 
Abbreviations: Fine = fines; Detr = detritus; Grav = gravel (2-32 mm); Pebb = pebble (32-64 mm); Cobb = cobble (64-256 

mm); Bold = boulder (256+ mm). 
SVL = snout-vent length. 

they were available. Small and medium-sized sala- 
manders demonstrated the opposite pattern 
(Table 5). In general, smaller life stages or size 
classes were found on smaller substrates to a 
greater degree, and on larger substrates to a less- 
er degree, than they were available (Table 5). 
Cover use appeared to be related to size as well, 
with all life stages of A. truei using cobble cover to 
a greater degree than available, and using gravel 
and pebble cover to a lesser degree than avail- 
able. Medium and large Pacific giant salaman- 
ders used boulders for cover to a greater degree 

J than available (Table 5). 

DISCUSSION 
Although we detected as many as 7 species in 

our streams (see Bury and Pearl 1999 for a list of 
possible species), we found the amphibian assem- 
blage of second- and third-order streams of the 
mixed conifer-hardwood forests of the KS 

Region to be dominated by 2 species, Dicamptodon 
tenebrosus and Ascaphus truei. The other 5 species 
detected were far less common, and appeared to 
be peripheral members of the second- to third- 
order stream assemblage. Higher abundances of 
several of these species do occur along different 
portions of the stream continuum such as in 
headwaters (i.e., Rhyacotm'ton variegatus [Welsh 
and Lind 1996]), or further downstream where 
both channel gradient and over-stream canopy 
decrease, creating more open areas with slack 
water habitats (i.e., Rana boylii, Taricha granulosa; 
Nussbaum et al. 1983, Jennings and Hayes 1988). 
Other species, while part of the upland plethod- 
ontid salamander assemblage of this region 
(Welsh and Lind 1991), were represented along 
stream margirls by the juvenile life stage only. Pat- 
terns of species diversity in temperate vertebrate 
assemblages often show 1 or 2 common species 
with high numbers of individuals and additional 



594 STREAM AMPHIBIANS O F  THE KLAMATH-SISKIYOU Welsh and Lind J. Wildl. Manage. 66(3):2002 

Tailed Frog Density Relative to Forest Age 
and Water Temperature 

Fig. 6. Stream temperature, forest age, tailed frog abundance 
(both life stages combined), and elevation (c or >1,000 m). 
These data were first reported in 2 separate figures in Welsh 
(1 990). 

species present in lower abundances (Brown 
1995). 

The 2 abundant species in our study, D. tenebro- 
sus and A. truei, dominate the stream amphibian 
assemblage throughout the U.S. Pacific North- 
west (e.g., Hawkins et al. 1983, Corn and Bury 
1989, Bury et al. 1991, Welsh and Lind 1991, Bury 
and Pearl 1999). With the exception of some dif- 
ferences at the northern and southern extremes, 
these 2 species share essentially the same geo- 
graphic ranges and similar biogeographic histo- 
ries (Savage 1960). However, we found pro- 
nounced differences in the incidence, density, 
and ecologcal associations of A. truei and D. tene- 
brosus at different spatial scales within the KS 
Region. D. tenebrosus occurred in nearly all 
streams, whereas A. truei were present in only 
54% of streams sampled. Also, while our ability to 
detect differences in the incidence and density of 
A. truei at the landscape and macroenvironment 
scales was highly successful, our ability to detect 
differences in the density of D. tenebrosus at these 
coarser scales was limited. Thus, while their over- 
all ranges may have been influenced in evolu- 
tionary time by similar geoclimatic processes, 
within their similar ranges, and in ecological 
time, these 2 species have responded quite dif- 
ferently (compare to Blonde1 1987). 

While our approach to understanding the 
multiscale habitat relationships of A. truei and D. 
tenebrous was primarily descriptive, our analyses 
demonstrated that distinct distribution patterns 
were present and detectable and that a substan- 
tial amount of variation in incidence and density 3 

(34-69%) could be explained by habitat vari- 
ables, though our predictions of absence were 
more accurate than our predictions of presence 
(Table 3). This result is noteworthy since theory 
suggests, and previous research has demonstrat- 
ed, that habitat is only 1 of many factors (e.g., 
resource availability, historical biogeography, 
interactions with other species, demographic sto- 
chasticities) that can influence species incidence 
and abundance (Van Horne 1983, 1986; Toft 
1985; O'Neil and Carey 1986; Morrison 2001). In 
addition, our in-stream exploratory work, as well 
as concurrent efforts in adjacent terrestrial envi- 
ronments (Welsh and Lind 1991), laid the 
groundwork for several more detailed studies of 
late-sera1 forest-associated species, studies that 
have further tested hypotheses about incidence 
and abundance relative to forest succession and 
its associated attributes (Welsh 1993; Welsh and 
Lind 1995, 1996). Much of the discussion that fol- 
lows should be considered as a set of new working 
hypotheses, the pursuit of which could further 
refine our knowledge of the habitat relationships 
of these 2 species. 

Landscape and Macroenvironment 
Relationships 

At both the landscape and macroenvironment 
scales, the habitat associations of adult and larval A. 
truei were nearly identical. Where the coarse-scale 
habitat models differed by life stage, the variables 
that replaced one another were highly correlat- 
ed, and often, depending on the attributes in 
question, appeared to be surrogates representing 
different ways to measure essentially the same 
environmental parameter (e.g., aspect and solar 
index). The key difference between landscape 
scale models for the 2 life stages of A. truei was the 
addition of rainfall (cm/yr) for the mostly terres- 
trial adult frogs. Higher annual rainfall, a good 
indicator of moister sites, also is a good predictor of 
forest that can better support adult A. truei, which 
require high environmental moisture to frequent 
terrestrial microenvironments (Claussen 1973 a, b) . 
Given that A. truei larvae are strictly aquatic, the 
negative association with air temperature proba- 
bly reflects the close correspondence between air 
and stream temperature (Mitchell 1999). 
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Several recent studies have purported to 
demonstrate a relationship between A. truei inci- 
dence or abundance and harder (more consoli- 
dated) parent geology (Diller and Wallace 1999, 
Wilkins and Peterson 2000). One possibility is 

d that the strong positive relationship we found 
between A. truei incidence and density and eleva- 
tion is the geographic expression of the preva- 
lence of harder parent geology with altitude in 
the KS Region. However, we have found A. truei 
to be common in streams in unconsolidated 
geologies at both high and low elevation sites in 
the KS Region (this study; see also Adams and 
Bury 2002). We do not doubt that parent geology 
can have an influence, particularly at the 
microenvironment scale where unconsolidated 
materials can act to fill streambed interstices 
(Welsh and Ollivier 1998), but we believe this is a 
scale-dependent phenomenon linked to the 
landscape-level disturbance regime interacting 
with the parent geology, having nothing to do 
with elevation per se (see discussion of geology 
below). These factors probably could be sorted 
out with a meta-analysis of data sets from across 
the range of A. truei that included some measure 
of in-stream and upslope disturbance regimes 
along with information on parent geology and 
local stream substrate conditions. There is a 
much more compelling explanation for increases 
in A. truei with elevation at the landscape scale in 
the KS Region (and elsewhere; see Hawkins et al. 
1994). This explanation lies in the pronounced 
physiological limitations of this unique frog spe- 
cies. Experiments with adult A. truei indicated 
that their tolerance to desiccation was lower than 
17 other North American frog species tested 
(Claussen 1973a,b). Brown (1975, 1989) found 
this species to have the narrowest tolerance range 
(5-18.5 "C), and the lowest upper limit tempera- 
ture for development (18.5 "C) of any frog in 
North America. Our study was conducted at the 
southern end of the range of A. truei (Metter 
1968, Stebbins 1985). In this region, the inci- 
dence of A. truei is patchy (Bury 1968). This 
patchy distribution probably results from the lim- 
ited capacity of this cold-adapted, moisture- 
dependent frog to tolerate the dry, warm condi- 
tions found throughout this portion of its range. 

We found no variables at the landscape scale 
that were useful for predicting differences in the 
density of D. tenebrosus. It is possible that the den- 
sity of D. tenebrosus does not vary across the 
region for those variables we measured at the 
landscape scale, or that our sample size of 39 

streams was insufficient to detect differences. 
Welsh (1993) analyzed data from 156 sites, and 
from a greater proportion of the range of this 
salamander in California, and reported both a 
higher incidence and higher relative abundance 
of salamanders both nearer the Pacific Coast and 
northward. He interpreted this pattern as result- 
ing from the direction of the prevailing cooler, 
moister, maritime-modified climate (Froehlich et 
al. 1982), which creates and sustains the region's 
temperate rainforests and provides optimum 
conditions for D. tenebrosus in the northwest por- 
tions of the state. 

At the macroenvironment scale, the ecological 
relationships for both life stages of A. truei indi- 
cated by our analyses described a structurally 
diverse, older forest environment (see Forest Suc- 
cession below). Macroenvironment-scale models 
for D. tenebrosus were slightly more informative 
than those at the landscape scale but still rela- 
tively poor compared with A. truei, suggesting rel- 
atively weak biological relationships. The nega- 
tive relationships between salamander numbers 
and density of understory hardwoods and grass 
cover suggest that a relatively closed overstory 
and lack of disturbance (where young hardwoods 
and grass are precluded) may be attributes of the 
upland environment adjacent to streams sup  
porting higher densities of D. tenebrosus. We sug- 
gest that differences in the strengths of these eco- 
logical relationships observed for A. truei and D. 
tenebrosus may be the result of evolved differences 
in fundamental niche breadth that manifest as 
different degrees of specialization by these 2 
species (e.g., Futuyrna and Moreno 1988, Van 
Tienderen 199 1). 

Microenvironment Relationships 
Our analyses of A. truei habitat relationships at 

the finest scale revealed the importance of spe- 
cific aquatic microenvironments, substrates, and 
stream conditions particular to each life stage. 
The positive associations between adult frogs and 
pools, and larvae with cobble and waterfalls, is an 
expression of morphological and physiological 
adaptations unique to each life stage. A. truei tad- 
poles, with rock-gripping, suckerdisk mouths, 
and associated feeding and breathing structures, 
are highly adapted to life in the fast-moving water 
(Gradwell 1971, Altig and Brodie 1972). Turbu- 
lence created by high water velocities over coarse 
substrates provides protection from predators 
such as D. tenebrosus (Metter 1963). Tadpoles 
attach readily to rock surfaces in strong currents, 
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where potential predators have to fight currents 
and contend with the visual impairment of "white 
water" which serves to hide the larvae (Welsh 
1993:80). The positive relationship between the 
densities of the 2 life stages of A. truei suggests 
that they can be synoptic, at least during the sum- 
mer when we sampled, and when forest microcli- 
matic conditions beyond the streambed are most 
adverse in the KS region. The positive relation- 
ship between densities of adult A. truei and D. 
tenebrosus may be a result of similar affinities for 
pools and bedrock, or it may reflect a more direct 
interaction such as predation. 

The individual-focused microenvironment 
analyses provided more detailed insights into 
habitat relationships than those that emerged 
from our multivariate analyses or from previously 
published work. For example, the documented 
selection of riffle habitats with cobble-boulder 
substrates by A. truei larvae confirms a relation- 
ship previously assumed based on laboratory 
studies (Altig and Brodie 1972) and correlative 
field data (Hawkins et al. 1988, Bury et al. 1991 ). 
Correlative evidence from earlier work on adult 
A. truei showed that they were found mostly 
under cobbles and boulders in slower water than 
tadpoles (Metter 1964, Nussbaum et al. 1983, 
Bury et al. 1991). We demonstrated that adult A. 
truei select pool habitats and cobble-sized rock 
cover more frequently than do other life stages, 
possibly as summer refuge from desiccating tem- 
peratures in terrestrial environ~nents. 

Analysis at the microenvironment scale yielded 
the best model for D. tenebrosus, with 2 of the 
strongest variables showing a positive relation- 
ship with adult, and a negative relationship with 
larval, A. truei. Both life stages of A. truei figured 
prominently in the aquatic conditions model for 
D. tenebrosus. The analysis by Welsh (1993) of the 
habitat of the giant salamander also indicated 
that the relationship between the 2 species was 
strongly reciprocal. Larval A. truei likely avoid 
microsites occupied by D. tenebrosus (Metter 
1963) and tadpoles will alter normal feeding 
behavior in response to their presence (Feminel- 
la and Hawkins 1994). 

The association of giant salamander larvae with 
narrow, shaded stream reaches dominated by 
pools and coarse substrates (see also Parker 
1991) may be related to their foraging strategy. D. 
tenebrosus larvae are predominantly sit-and-wait 
predators (Parker 1994), and these conditions 
provide both cover and an abundance of ambush 
foraging sites. 

Multiscale Forest Succession and Geology 
Our finding of higher stream amphibian diver- 

sity (SDI) in late seral forest is a new result for the 
KS Region (compare with deMaynadier and 
Hunter 1999, Skelly et al. 1999). This result is not 
a surprise given the previously demonstrated 
higher incidence of several amphibians in old- 
growth forests in northern California (Welsh and 
Lind 1988,1991,1996; Welsh 1990). We found sig- 
nificant relationships between particular environ- 
mental attributes linked to late-sera1 stages and 
the incidence and density of A. truei (but see 
Diller and Wallace 1999). Higher densities of A. 
truei in streams traversing old-growth forest 
stands were first reported by Corn and Bury 
( 1989) and Welsh ( 1990) based on univariate 
analyses. The multivariate results reported here 
confirm this earlier work and give it important 
context by revealing those seral stage-related 
attributes of the forest environment important to 
A. truei. Our multivariate models suggest that for 
predicting A. truei presence, stream temperature 
is more important than aspects of forest struc- 
ture; however, conditions of forest structure and 
microclimate are closely linked (Chen et al. 1993, 
1999). Regardless, the relationship with older 
forests likely is the expression of the physiological 
limits of A. truei at the macroenvironment scale 
(Welsh 1990). Our data show a close relationship 
between A. truei density, stream temperature, and 
forest age, as well as a clear link between stream 
temperature and elevation (Fig. 6; also see 
Hawkins et al. 1994). Both air and stream tempera- 
tures increase with reductions in forest canopy 
(Holtby 1988, Chen et al. 1993, Brosofske et al. 
1997). Consequently, the physiological response 
to increased water temperatures and desiccation 
that best explains the relationship between 
increasing A. truei density and greater elevation 
also accounts well for the close relationship 
between this frog and late-sera1 forest environ- 
ments. Hawkins et al. (1988) reported that differ- 
ences in densities of A. truei tadpoles among 
streams on Mount St. Helens from 1983 to 1987 
were most clearly associated with the extent of 
forest cover remaining in a blast-influenced 
basin. In completely or partially forested basins, 
maximum stream temperatures were <I8 "C and 
tadpole densities were relatively high, whereas 
basins with forests leveled by the 1980 eruption 
had temperatures near 20 "C and supported few 
tadpoles (Hawkins et al. 1988). After 1988, densi- 
ties of tadpoles became greater in nonforested 
streams, a phenomenon the authors associated 
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with a lowering of mean maximum temperatures 
and a flushing of fine sediments (volcanic ejecta) 
from these high-gradient streams (Hawkins et al. 
1997). We believe that at higher elevations such 
as Mount St. Helens, where water temperatures 
are ameliorated by altitude, forest cover is less of 
an issue (Fig. 6). Sensitivity of A. truei to light 
(Altig and Brodie 1972, Hailman 1982) is anoth- 
er possible mechanism that may influence their 
close relationship with forest succession at lower 
elevations. 

Our finding that the incidence and density of 
adult and larval A. truei were positively associated 
with herb cover is probably related to the fact 
that more mesothermal-adapted herbs predomi- 
nate on the forest floor in older forests as a direct 
result of the stable, cool, moist conditions (Spies 
1991, Spies and Franklin 1991, Frost 1997). These 
herbs not only indicate the requisite microcli- 
matic conditions needed by adult A. truei, they 
also provide cover and probably increase inverte- 
brate fauna for foraging frogs (see also Daugher- 
ty and Sheldon 1982a,b). Better site conditions 
for adults adjacent to streams would also translate 
to more larvae in nearby streams. 

The lack of a relationship between tailed frog 
density and seral stage reported by Diller and 
Wallace (1999) is best explained by the proximity 
of their sites to the marine-influenced coast of 
northern California where microclimatic ex- 
tremes are ameliorated. This ameliorating effect, 
which can preclude the need for extensive forest 
canopy over the stream without adversely affect- 
ing stream temperatures, occurs over a relatively 
small portion of the range of the tailed frog in 
northern California (H. H. Welsh, unpublished 
data). Many of the habitat relationships reported 
for A. truei by Diller and Wallace (1999) are attrib- 
utable to the unique history and characteristics of 
the coastal industrial forest landscape they stud- 
ied, and are not typical of most of the species' 
range (i.e., the interior portions of the California 
coast ranges, and the Cascade, and Rocky moun- 
tains of Idaho, Montana, Oregon, Washington, 
and British Columbia). 

Recent research has indicated that the type of 
parent geology can influence the distribution 
and abundance of headwater stream amphibians, 
particularly the tailed frog, with younger, uncon- 
solidated parent material not as likely to support 
these amphibians as more consolidated types 
(Diller and Wallace 1999, Dupuis and Steventon 
1999, Wilkins and Peterson 2000). We did not 
directly characterize and quantify the parent 

material type at the time of our study; however, 
our streams occurred across a wide range of geo- 
logc types in the KS Region, from young, uncon- 
solidated Franciscan formations on the coast to 
older, hard, consolidated serpentine types in the 
interior and at higher elevations (Wagner and 
Saucedo 1987). This leads us to believe that par- 
ent geology was not a biasing factor in our results. 
We believe that Diller and Wallace's (1999) and 
Wilkins and Peterson's (2000) interpretations of 
a primary (as opposed to secondary) effect relat- 
ed to geologic type is a result of their sampling 
only on industrial forest landscapes where only a 
portion of the potential forest seral continuum is 
represented. Had these workers examined geolo- 
gy along the entire seral continuum, they would 
have found that tailed frog larvae can and do 
occur on young, unconsolidated geology within 
late-sera1 forests (e.g., Welsh and Ollivier 1998, 
Adams and Bury 2002). In fact, Dupuis and 
Steventon (1999) reported that the competency 
of the parent geology had significant effects, but 
they found that these effects were greatly exacer- 
bated by timber harvesting. Timber harvesting 
near streams can have a profound effect on the 
nature and availability of substrate interstices 
(Waters 1995), which are important microhabitat 
for tailed frogs (Welsh and Ollivier 1998). 
Depending on the competency of the bedrock 
materials, stream conditions can change dramat- 
ically following nearby tree removal (Waters 
1995). Diller and Wallace (1 999) and Wilkins and 
Peterson (2000) mistakenly interpreted changes 
in conditions resulting from the interaction of 
less competent geologic types and landscape- 
level disturbance, with a proclivity on the part of 
tailed frogs for the more consolidated geology. A 
similar misinterpretation occurred in an analysis 
of the habitat associations of the headwaters sala- 
mander (Rhyacotriton variegatus, Diller and Wal- 
lace 1996) where the interactions between the 
historical disturbance regime and the parent 
geology also were not considered (see Welsh et 
al. 2000). Understanding the nature of these 
processes is essential when it comes to formulat- 
ing effective forest practice rules to protect sensi- 
tive headwaters amphibians and their stream 
habitats (Welsh 2000). 

MANAGEMENT IMPLICATIONS 
Viewing the forest ecosystem across broad land- 

scapes as a dynamic mosaic of stands of different 
ages or seral stages affected by multiple interact- 
ing, scale-dependent, biological and geomorpho- 
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logical processes, can provide valuable insights 
into the derivation of biological patterns, and 
facilitate interpretations of both ecolopcal and 
evolutionary processes (May 1994, Reeves et al. 
1995, Perry and Arnaranthus 1997). Such a per- 
spective can provide a more holistic view within 
which to design forest management strategies 
that will preserve native biodiversity. Patch 
dynamics of the surrounding landscape directly 
affect the stream network within by influencing 
hydrologic patterns, microclimates, sediment 
loads, and energy inputs, and thus affect the inci- 
dence and abundance of the associated riparian 
and stream biota (Schlosser 1991, Zwick 1992, 
Malanson 1993, Gregory 1997, Jules et al. 1999, 
Naiman et al. 2000). In addition, incidence (pres- 
ence or absence) and abundance may vary, both 
within the geographic range of a species at dif- 
ferent spatial and temporal scales (e.g., Hecnar 
and M'Closkey 1997) and among species with 
similar geographic ranges due to variations in 
niche breadth (Wiens 1989, Lawton et al. 1994, 
Brown 1995). Such pattern differences can be a 
function of the interrelationships of evolutionary 
history, patch dynamics, disturbance, and tempo- 
ral and spatial resolution (Levin 1992, Holt 1993, 
May 1994), all interacting with evolved differ- 
ences in life histories (e.g., Southwood 1988). 

Habitat preferences are based on evolved behav- 
ior and thus relate directly to the probability of 
persistence (Holt 1987, Ruggiero et al. 1988, Holt 
and Gaines 1992). In the case of A. truei, although 
present in some streams in younger forests (e.g., 
Diller and Wallace 1999, Aubry 2000, Wilkins and 
Peterson 2000), their populations often are 
reduced or eliminated by timber harvest and 
related activities through direct perturbations to 
the forest and stream environment. Given that 
habitat conditions for A. truei are optimized in 
late-sera1 forests (Corn and Bury 1989; Welsh 
1990, 1993; Welsh and Lind 199 I ) ,  the long-term 
viability of this frog throughout the region of our 
study probably is linked to the presence and spa- 
tial accessibility of these forests and the interior 
microclimatic conditions they provide. We believe 
that in the KS Region A. truei is ecologically 
dependent (sensu Ruggiero et al. 1988) on these 
late-sera1 forests and their unique habitats. Fur- 
ther, our results indicate that D. tenebrosus is more 
of an ecological generalist (has a broader habitat 
niche) than A. truei, and thus its persistence is not 
as closely linked to late-sera1 conditions. 

Habitat differences may have implications for 
understanding the respective roles of these 2 

species in, and in response to, both ecological 
and anthropogenic processes. Habitat specialists 
like A. truei are inherently more sensitive to habi- 
tat disturbance or climatic change than a gener- 
alist like D. tenebrosus. Habitat fragmentation via 
timber harvesting or fire is thought to affect spe- 
cialists more than generalists because it acts as an 
isolating mechanism for specialists that require 
interior environments (Lord and Norton 1990, 
Johnson 1998, Jules et al. 1999, Semlitsch 2000). 
Based on our research, we expect D. tenebrosus to 
continue to be widely distributed and abundant, 
while A. truei likely will continue to decline across 
the landscapes of the KS Region (and the greater 
Pacific Northwest) in response to these relatively 
new, more intensive anthropogenic disturbance 
regimes (e.g., Corn and Bury 1989, Dupuis and 
Steventon 1999, Welsh 2000). 
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