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Abstract.—The field-derived thermal niche of aquatic vertebrates is potentially useful in deter-
mining whether resource management plans are adequate to protect sensitive vertebrates. Our
objective was to use field data to estimate the thermal niches of 16 species of aquatic vertebrates
and to compare these values among five geographic regions in Oregon. Thermal niche values
varied among regions; for example, the upper thermal limit for rainbow trout Oncorhynchus mykiss
was 22.4°C in the Blue Mountains ecoregion and 16.9°C in the Cascades ecoregion. Nonmetric
multidimensional scaling (NMS) analysis of aquatic vertebrate assemblages revealed that level-
three ecoregions grouped vertebrate assemblages more cohesively than the third-order hydrologic
unit code (basins). Analysis of similarities of Bray—Curtis distance measures supported NMS
findings that the structures of aquatic vertebrate assemblages coincide more with ecoregions than
with basins. The realized thermal niches calculated in this study are generally comparable to the
maximum growth temperatures and upper thermal limits established by other field and laboratory
techniques. This information is valuable for managers who devise water temperature criteria as
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well as fisheries ecologists interested in quantifying or delineating thermal habitat.

Vertebrate assemblages are commonly used to
detect the impacts of human activity on aquatic
resources (e.g., Fausch et al. 1990). Likewise,
thereisinterest in the biological response of aquat-
ic vertebrates to anthropogenic effects, such as
global warming and deforestation. Thermal re-
quirements of many fish and amphibians are large-
ly unknown, even though such autecological in-
formation is pivotal in understanding a biological
response to disturbance. Many laboratory studies
have determined thermal limits and critical values
of alimited number of species, but they are seldom
placed in the context of natural conditions.

Thermal gradients are important determinants of
species’ distributions in aquatic habitats. Temper-
ature may influence species through physiological
processes (Coutant 1987) or by affecting species’
interactions (Baltz et al. 1982; Reeves et al. 1987,
Taniguchi et al. 1998). Animals compete for and
partition habitats along temperature gradients.
This process contributes directly to the fitness of
the animal and delineates its thermal niche (Mag-
nuson et al. 1979). Consequently, temperature may
be treated as quantitatively as a consumable re-
source, such asfood. Magnuson et al. (1979) quan-
tified the fundamental thermal niche by examining
the statistical distributions of temperatures select-
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ed by species in a laboratory evaluation of their
thermal preferences. By determining the thermal
requirements of taxa based upon statistical anal-
ysis of field data, one can account for unique in-
teractions with other variables in a particular lo-
cality.

Laboratory studies of temperature preference
may not adequately reflect the thermal require-
ments of a species in nature. Aquatic vertebrates
can shift thermal nichesin response to the presence
of competitors and have flexibility in thermal se-
lection (Brandt et al. 1980). Social and biotic in-
teractionsresulting from the location of prey, pred-
ator avoidance, habitat availability, water depth,
water velocity, intra- and interspecific competi-
tion, as well as genetic variability may account for
a lack of conformity between laboratory prefer-
enda and field distributions (Shrode et al. 1982).
Since aquatic species are often not found at their
laboratory preferenda in the field (Eaton et al.
1995), it is evident that thermoselection can be
affected by other factors (Beitinger and Fitzpatrick
1979).

High temperature limits the distribution of sal-
monids and other species of concern; therefore,
the demarcation of a thermal niche’s upper limit
is of great interest. Because human disturbances
in Oregon streams are likely to raise temperatures
rather than lower them (Sauter et al. 2001), except
below bottom-spilling dams, the upper thermal
limit is usually important to natural resource man-
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Ficure 1.—Map of Oregon delineating the basins (left-hand panel) and ecoregions (right-hand panel) used to
determine thermal niches, along with the locations of sample sites.

agers. The objective of this work was to utilize
field-derived relative abundance and temperature
data to estimate the thermal niches of agquatic ver-
tebrates and compare these values among different
geographic regions in Oregon. The thermal niche
was calculated for 14 species in five geographic
regions.

Study Area

A total of 199 siteson first- to third-order (Strah-
ler 1964) wadable streams throughout Oregon
were either chosen randomly or hand selected (Fig-
ure 1). Regionally, 48 sites were in the North
Coastal basin (Watermolen 2002), 35 siteswerein
the South Coastal basin (Watermolen 2002), 72
sites were in the Coast Range ecoregion, 64 sites
were in the Cascades ecoregion (Omernik 1987),
and 23 sites were in the Blue Mountains ecoregion
(Omernik 1987). The remaining 29 sites were in-
cluded in the statewide analysis (all regions). Sites
were partitioned into basin and ecoregion cate-
gories to investigate regional differences in spe-
cies thermal requirements. By ecoregion, the
North Coastal basin consists of 98% Coast Range
ecoregion and 2% Willamette Valley ecoregion.
The South Coastal basin consists of 28% Coast
Range ecoregion, 1% Willamette Valley ecore-
gion, 25% Cascades ecoregion, and 47% Klamath
Mountains ecoregion.

Climate, geology, and habitat conditions vary
across ecoregions. The Coast Range ecoregion has
a maritime climate with high precipitation, moun-
tains of low elevation, and highly productive co-
niferous forests that have historically been heavily
managed for logging (Naiman et al. 2000). Abun-

dant lotic ecosystems support economically im-
portant species of Pacific salmon Oncorhynchus
spp. in the Coast Range ecoregion. The Cascades
ecoregion consists mainly of high-elevation moun-
tains and alpine meadows with a moist, temperate
climate. It contains extensive and highly produc-
tive coniferous forests that have historically been
intensively logged. The Blue Mountains ecoregion
is a complex of mountain ranges that are lower in
elevation and drier than the Cascades ecoregion.
Coniferous forests are less abundant than in the
Cascades or Coast Range ecoregions. Logging and
cattle grazing dominate land use in much of this
ecoregion. The Klamath Mountains ecoregion in-
cludes the foothills and valleys of the Klamath and
Siskiyou mountains. It is a mix of granitic, sedi-
mentary, and metamorphic rocks, which isin con-
trast to the mostly volcanic rocks of the Cascades.
It has a mild climate with long, dry summers and
supports a mixed forest of conifers and hardwoods
(Omernik 1987). Dominant land uses in the Klam-
ath Mountains ecoregion are logging and agricul-
ture.

Methods

To provide relative abundance data for species,
aguatic vertebrate assemblages were sampled dur-
ing the summer months (July through September)
from 1998 to 2001 using single-pass electrofish-
ing, a common method for sampling aquatic ver-
tebrate assemblages for bioassessments (Lyons
1996; Lazorchak et al. 1998; Pusey et al. 1998).
The aim of this method was to sample all habitat
types proportionally within each reach. Reach
length was 40 times the mean wetted channel width
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(Lazorchak et al. 1998) and ranged from 150 to
500 m. The median value of the mean wetted chan-
nel width was 4.4 m (minimum, 0.6 m; maximum,
23.0 m). The median value of the mean channel
thalweg depth (the deepest portion of the channel
cross section) was 27 cm (minimum, 4 cm; max-
imum, 99 cm). Study reaches were shocked at
higher voltages (500-900 V) than are typically
utilized for single-species assessments. We iden-
tified fish and amphibians to the species level in
the field and collected voucher specimens for ver-
ification in the laboratory.

Continuous temperature data were recorded at
30-min intervals by means of VEMCO tempera-
ture loggers. We deployed data loggers at study
sitesfrom late May to early July and removed them
from September to October. The data loggers were
placed in a well-mixed, shaded location to avoid
thermal stratification or heating by direct solar ra-
diation (ODEQ 1997). The temperature metric
used for this study was the 7-d average of the daily
maximum temperature for the 7-d period surround-
ing and including the sample date.

The species used for analyses were limited to
obligate aquatic vertebrates that occurred at 5% or
more of the sites. Lampreys were removed from
the analysis due to inconsistent sampling effort for
these species. We graphically compared species
collection data to temperature to ensure adequate
sampling coverage across the possible temperature
ranges a species may inhabit.

Ordination.—We used nonmetric multidimen-
sional scaling (NMS; Kruskal 1964; Mather 1976)
to relate vertebrate assembl age patterns to the tem-
perature gradient using PC-ORD software (Mc-
Cune and Mefford 1999). Proportional abundance
species’ data were arcsine-square-root trans-
formed to improve the normality of the data set
(Zar 1999). Prior to performing the ordination
analysis, we identified outlier sites in each region
by calculating the average Bray—Curtis (Bray and
Curtis 1957) distance of each site from every other
site. We constructed a frequency distribution of
these distances and flagged sites as outliersif they
were greater than two standard deviations from the
grand mean. We performed NM S ordinations with
and without outliers. If the ordination without out-
liers resulted in a lower ‘‘stress” (i.e., departure
from monotonicity in the plot of distance in the
original dissimilarity matrix and distance in the
reduced ordination space) solution than the orig-
inal ordination, we considered the outliers infer-
ential outliers (Tabachnik and Fidell 1996) and
eliminated them from the data set. We used Bray—
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Curtis distance to cal culate the dissimilarity matrix
(Bray and Curtis 1957) and sample units were as-
signed to random starting configurations for NM S
using arandom-number generator. The appropriate
number of dimensions was determined when plots
of final stress versus number of dimensions
showed that a greater number of axes resulted in
small reductionsin stress. We cal culated instability
as the standard deviation in stress over the pre-
ceding 10 iterations. When instability reached a
level of 0.00001, iterations were stopped and the
solution was considered final. The stability of the
solutions was also examined by plotting stress ver-
sus number of iterations.

When we plotted the final solution, we rotated
the point cloud to maximize the correl ation of tem-
perature with the horizontal axis (Mather 1976).
The strength of the relationship between the tem-
perature values and the ordination scores was de-
termined by calculating Pearson’s correlation co-
efficient (r; Clarke and Ainsworth 1993). Addi-
tionally, we calculated r for each species against
the (previously rotated) horizontal axis, and the
positions of species on the plot were compared to
their abundances at a given site. Species were con-
sidered to have a strong relationship with temper-
ature if greater than 10% (r2 > 0.1) of the species’
variance could be explained by the variance in
temperature (Pan et al. 1996). Differences in spe-
cies composition between the four basins and four
ecoregions (Figure 1) were examined with a one-
way analysis of similarity (ANOSIM) using the
ANOSIM routine (PRIMER, version 5; Clarke
1993; see also Marchant et al. 2000). This routine
tests the null hypothesis of no difference between
groups of aquatic vertebrate community samples
defined a priori using permutation or randomiza-
tion methods on Bray—Curtis dissimilarity matri-
ces (Clarke and Warwick 1994).

Weighted averaging.—We estimated thermal
niche values using aweighted-average (WA) meth-
od with the CALIBRATE software (version 0.82;
Juggins and ter Braak 1998). Aquatic vertebrate
species with a temperature optimum closest to a
given water temperature will tend to be the most
abundant species (ter Braak and Barendregt 1986).
An ecologically sound estimate of the center of a
species’ realized thermal niche is, therefore, the
mean temperature for all the sites where a species
is found weighted by the species’ relative abun-
dance. A species realized niche width (RNW) is
one standard deviation from the mean of the tem-
perature weighted by the species' relative abun-
dance (Birks et al. 1990). The WA estimate of a
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species’ realized niche center (RNC), or weighted
mean, O, (Birks et al. 1990), is

where x = the environmental variable (tempera-
ture), x; = the value of x in samplei, and y; = the
abundance of kinsamplei (yy =0;i =1,...,n
sitesand k = 1, . . ., m species).
Species RNW, or weighted standard deviation
f., is
172
fk = k

; Yi(Xi — Ok)z/; Yi

The CALIBRATE software corrected bias in the
RNW value by adjusting for the estimated effec-
tive number of occurrences (Hill 1973). We cal-
culated RNC and RNW separately for each of the
five regions, as well as for all sites combined, to
investigate the regional differences in species
thermal requirements and to explore the conse-
quences of choosing different types of geographic
boundaries (basin versus ecoregion).

We identified species’ size-classes by examining
aquatic vertebrate length data versus species’ rel-
ative abundance for al sites and by visually de-
termining length categories. We compared species’
length categories to one another using at-test (Zar
1999) to ascertain if the mean temperature of one
length category was different from another. If
length category mean temperatures were found to
be significantly different (P > 0.05), they were
treated as separate ‘‘ species’ in the WA and NM S
analyses.

Results

Summer water temperatures ranged from 7.9°C
to 28.6°C (median, 15.1°C) across all sites (Table
1). Temperatures tended to be warmest in the Blue
Mountains ecoregion where the median tempera-
ture was 20.2°C and were progressively cooler
from the South Coastal basin (median, 15.6°C) to
the Coast Range ecoregion (median, 14.9°C) to the
North Coastal basin (median, 14.8°C). The coolest
median temperature was in the Cascades ecoregion
(median, 13.0°C).

Sixteen species found across all regions were
included in the WA analysis (Table 1). The Des-
chutes basin and the Willamette Valley ecoregion
were not assessed as groups in the WA analysis
because too few sites were sampled in those areas.
Regionally, the greatest number of species was
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assessed in the Coast Range ecoregion (10 spe-
cies), followed by the North Coastal basin (8 spe-
cies), the South Coastal basin and Cascades ecore-
gion (7 species each), and the Blue Mountains
ecoregion (3 species). Four species were collected
in the Blue Mountains ecoregion, but only three
of these species were encountered in sufficient
abundance to be included in the analysis. Brook
trout, shorthead sculpin, longnose dace, and red-
side shinerswere not found in sufficient abundance
to be included in the analysis of an individual re-
gion, but were numerous enough to be included in
the analysis of all regions combined.

The distributions of relative abundance by tem-
perature for some of the dominant taxain the North
and South Coastal basins and all basins combined
are shown in Figure 2. All taxa included in the
analysis had a wide array of relative abundances
and occurred across a broad temperature range. We
eliminated largescale suckers Catostomus ma-
crocheilus and speckled dace in the North Coastal
basin, largescale suckers and redside shinersin the
Coast Range ecoregion, longnose dace and short-
head sculpins in the Cascades ecoregion, and Pai-
ute sculpinsin the Blue M ountains ecoregion from
the WA (RNC and RNW calculation) analysis be-
cause they failed to occur in an adequate number
at a variety of sites. Taxa that were sampled ad-
equately across a range of temperatures and rel-
ative abundance levels were assigned RNC and
RNW values (Table 1).

The RNC and RNW values were estimated for
16 species across all areas combined (Figure 3).
Tailed frog larvae and Pacific giant salamander
larvae had the coolest RNCs, while redside shin-
ers, speckled dace, and bridgelip suckers had the
warmest RNCs. The largest differencein RNC and
RNW between regions was between the Cascades
and Blue Mountains ecoregions. The RNW upper
limit for rainbow trout was 22.4°C in the Blue
Mountains and 16.9°C in the Cascades, a differ-
ence of 5.5°C. In the North Coastal basin, rainbow
and cutthroat trout had avery similar RNC: 14.0°C
for rainbow trout and 14.2°C for cutthroat trout.
Interestingly, rainbow trout had a warmer RNC in
the South Coastal basin (16.6°C) than in the North
Coastal basin (14.0°C), while cutthroat trout RNCs
were nearly the same at 14.3°C in both basins. The
RNC and RNW values in the Coast Range ecore-
gion were similar to those in the North Coastal
basin, but tended to be slightly warmer for some
species. Generally, the RNC values for species
found in multiple regions followed the trend in
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TaBLE 1—Redlized therma niche values for species collected in each region. The upper limits of the redized therma
niches (RNWSs) were calculated by adding one weighted SD to the redlized therma center (RNC; a weighted average). The
number of sites where a species occurred and the unweighted minimum (min), median, and maximum (max) averages of the
daily maximum temperature (°C) for the 7-d period surrounding the sample date are shown for each region and species.

Number of RNW
Sites and species sites Min Median Max RNC (upper limit)
All sites combined
All sites 199 7.9 15.1 28.6
Tailed frog Ascaphus truei (larvae) 75 7.9 135 19.3 126 15.1
Pacific giant salamander Dicamptodon ensatus 100 79 14.2 20.2 13.0 15.2
Brook trout Salvelinus fontinalis 7 104 12.9 17.3 133 15.2
Cutthroat trout Oncorhynchus clarkii 122 9.2 14.5 23.7 139 16.4
Coho salmon O. kisutch 45 10.4 15.3 237 145 16.9
Shorthead sculpin Cottus confusus 10 9.2 14.3 229 145 175
Torrent sculpin C. rhotheus 29 10.4 154 19.8 15.8 18.4
Rainbow trout O. mykiss 113 10.0 16.2 28.6 16.0 19.7
Reticulate sculpin C. perplexus 74 9.7 155 25.8 16.1 19.1
Riffle sculpin C. gulosus 14 144 16.4 212 16.5 19.0
Paiute sculpin C. beldingii 19 10.0 16.4 229 16.6 205
Coastrange sculpin C. aleuticus 9 12.1 16.3 185 17.2 19.0
Longnose dace Rhinichthys cataractae 11 132 18.0 20.2 174 195
Redside shiner Richardsonius balteatus 11 16.6 211 25.8 211 23.7
Speckled dace Rhinichthys osculus a4 134 19.5 28.6 214 24.6
Bridgelip sucker Catostomus columbianus 13 16.2 225 25.7 219 238
North Coastal basin
All North Coastal basin sites 48 10.4 14.8 21.2
Pacific giant salamander 25 10.7 14.9 185 124 15.1
Coho salmon 27 10.4 14.7 189 14.0 15.9
Rainbow trout 32 10.4 14.9 21.2 14.0 16.0
Tailed frog larvae 18 113 14.5 17.0 14.1 16.1
Cutthroat trout 42 10.7 14.6 212 14.2 16.4
Torrent sculpin 13 13.0 135 18.6 14.7 16.8
Reticulate sculpin 37 10.4 14.9 21.2 155 17.7
Coastrange sculpin 6 121 153 17.7 159 18.1
South Coastal basin
All South Coastal basin sites 35 12.6 15.6 237
Pacific giant salamander 24 12.6 14.5 19.4 14.1 15.9
Cutthroat trout 19 126 14.5 23.7 14.3 15.8
Tailed frog larvae 13 12.7 14.8 185 15.3 17.6
Coho salmon 14 14.4 171 237 15.8 17.9
Rainbow trout 25 13.0 16.6 23.7 16.6 19.0
Reticulate sculpin 15 135 16.6 237 171 194
Speckled dace 9 16.3 18.2 237 19.2 215
Coast Range ecoregion
All Coast Range ecoregion sites 72 10.4 14.9 237
Pacific giant salamander 41 10.7 14.9 185 133 15.7
Cutthroat trout 59 10.7 14.5 237 14.2 16.2
Coho salmon 38 104 15.1 23.7 14.4 16.7
Torrent sculpin 14 10.4 13.6 18.6 14.6 16.9
Tailed frog larvae 24 113 14.6 185 14.7 16.9
Rainbow trout 49 104 15.3 23.7 14.9 17.6
Reticulate sculpin 48 104 15.0 237 15.7 18.0
Coastrange sculpin 8 12.1 16.0 185 16.9 19.0
Riffle sculpin 10 14.9 16.0 21.2 17.0 18.7
Speckled dance 10 14.9 18.2 237 19.1 21.8
Cascades ecor egion
All Cascades ecoregion sites 64 79 13.0 20.2
Tailed frog larvae 42 7.9 12.4 19.3 11.7 13.9
Pacific giant salamander a4 79 12.8 20.2 12.0 14.2
Reticulate sculpin 8 9.7 12.8 18.0 12.7 16.4
Cutthroat trout 44 9.2 135 19.3 12.9 15.2
Rainbow trout 22 10.0 14.3 20.2 14.3 16.9
Torrent sculpin 9 13.0 15.8 18.0 14.8 16.6
Paiute sculpin 12 10.0 15.9 20.2 15.2 18.3
Blue Mountains ecor egion
All Blue Mountains ecoregion sites 23 11.2 20.2 25.7
Rainbow trout 21 112 20.2 257 19.5 224
Speckled dace 17 16.2 22.3 25.7 216 24.5

Bridgelip sucker 11 16.2 225 257 22.0 23.8
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The strength of the relationship between NMS
axis 1 and temperature is shown in Table 2, along
with Pearson’s correlation coefficients (r) for in-
dividual speciesagainst axis 1 and other ordination
details. Temperature explained 43% of the vari-
ance in aquatic vertebrate distribution (r2) among
sites in all regions, 24% of the variance in the
North Coastal basin, 43% of the variance in the
South Coastal basin, 20% of the variance in the
Coast Range ecoregion, 28% of the variancein the
Cascades ecoregion, and 34% of the variance in
the Blue Mountains ecoregion. Species distribu-
tion varied along axis 1 (water temperature axis)
in all regions (Figure 4). Higher relative abun-
dances of Pacific giant salamander larvae, for ex-
ample, were strongly associated with colder tem-
peratures. Conversely, higher relative abundance
of speckled dace was associated with warmer tem-
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FIGure 2.—Percent abundance versus temperature (average of the maximum temperature for the 7-d period that
includes the sample date) of four aquatic vertebrate species collected in three Oregon study regions.

lationship to temperature (r2 > 0.1) in al regions
combined were cutthroat trout, Pacific giant sal-
amander larvae, rainbow trout, speckled dace, and
tailed frog larvae. Species that showed a strong
relationship to temperature in the North Coastal
basin were cutthroat trout, Pacific giant salaman-
der larvae, reticulate sculpins, and riffle sculpins.
In the South Coastal basin, all species showed a
strong relationship to temperature. In the Coast
Range ecoregion, cutthroat trout, reticulate scul-
pins, Pacific giant salamander larvae, speckled
dace, and rainbow trout showed a strong relation-
ship to temperature. In the Cascades ecoregion,
cutthroat trout, Pacific giant salamander larvae,
Paiute sculpins, rainbow trout, tailed frog larvae,
and torrent sculpins showed a strong relationship
to temperature. In the Blue Mountains ecoregion,
bridgelip suckers, rainbow trout, and speckled
dace showed a strong relationship to temperature

Visual inspection of the NM S ordination of spe-
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Ficure 3.—Realized niche widths (horizontal lines) and realized niche centers (shaded ovals) for aquatic ver-
tebrate species that were correlated with temperature (r2 > 0.1) in each of the Oregon regions. Abbreviations are
as follows: BLSK = bridgelip sucker; BKT = brook trout; COHO = coho salmon; CRSC = coastrange sculpin;
CUTT = cutthroat trout; LND = longnose dace; PASC = Paiute sculpin; PGSL = Pacific giant salamander larvae;
RBT = rainbow trout; RESC = reticulate sculpin; RFSC = riffle sculpin; RSS = redside shiner; SHSC = shorthead
sculpin; SPD = speckled dace; TFL = tailed frog larvae; and TOSC = torrent sculpin.
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TABLE 2—Summary of nonmetric multidimensional scaling ordination information for regions. Fifty randomized Monte
Carlo tests were run. Axis variance is the cumulative proportion of variance represented by each axis based on the r2
between the distance in the rotated ordination space and the distance in the original space. Pearson correlation coefficients
(r) are shown for temperature and for species relative abundance vis-&vis axis 1 ordination scores (Figure 4).

North Coastal ~ South Coastal Coast Range Cascades Blue Mountains
Statistic or species All regions basin basin ecoregion ecoregion ecoregion

Number of dimensions 3 3 3 3 3 3
Monte Carlo test result (P) 0.02 0.02 0.02 0.02 0.02 0.04
Iterations 400 153 160 400 400 120
Final stress 14.7 9.5 9.6 12.0 12.6 5.7
Axis variance 0.809 0.936 0.898 0.910 0.887 0.966
Temperature 0.658 0.485 0.658 0.449 0.530 0.579
Relative abundance

Bridgelip sucker 0.302 0.747

Brook trout 0.117

Coastrange sculpin 0.128 0.137 0.252

Coho salmon 0.237 0.176 0.428 0.245

Cutthroat trout —0.586 —0.704 —0.347 —0.861 —0.410

Longnose dace 0.121 0.165

Pacific giant salamander —0.736 —0.365 —0.886 —0.565 —0.554

Paiute sculpin 0.105 0.801 0.305

Rainbow trout 0.519 —0.052 0.569 0.364 0.632 -0.773

Redside shiner 0.221

Reticulate sculpin 0.202 0.899 0.546 0.697 —0.080

Riffle sculpin 0.198 0.403 0.294

Shorthead sculpin —0.063 —0.013

Speckled dace 0.568 0.378 0.410 0.577

Tailed frog larvae —0.518 -0.219 -0.397 0.205 —0.552

Torrent sculpin 0.196 —0.115 0.178 0.356

cies' relative abundance (Figure 5) revealed that
ecoregions showed relatively distinct groupings,
while basin groupings could be discerned but were
somewhat less distinct. Willamette basin sites, in
particular, were dispersed widely across the plot
aswere South Coastal basin sites. The Blue Moun-
tains ecoregion sites and the Deschutes basin sites
were the most cohesive groupings in both plots.
Global ANOSIM results showed that there were
significant differences (P < 0.001) among both
ecoregions and basins. The global R-value was
twice as large for ecoregions (R = 0.402) asit was
for basins (R = 0.201). The R-statistic is a useful
measure of the degree of separation of sites (Clarke
1993); R-values closer to one correspond to sim-
ilarities across site groups being lower than those
within site groups (i.e., R-values close to one are
indicative of complete separation of the groups).
The six pairwise ANOSIM tests among ecoregion
groups and basin groups showed significant dif-
ferences (P = 0.05 in all comparisons; Table 3).
The higher R-value between the Blue Mountains
ecoregion and the other ecoregions identified a
greater degree of distinction than other between-
group comparisons. The Coast Range and Willam-
ette Valley ecoregions showed the least distinct
comparison among ecoregions, but the R-value
still indicated a substantial distinction between

groups. As with ecoregions, the higher R-value
between the easternmost Deschutes basin and the
other basins confirmed a considerable degree of
distinction than other between-group comparisons.
Conversely, the lower R-values shown in the pair-
wise comparisons of the North and South Coastal
basins with the Willamette basin indicaterel atively
low within-group similarity relative to similarities
between groups.

Our analysisrevealed no differences among var-
ious life stages of the species we encountered for
seven size-class comparisons.

Discussion

Delineation of the upper thermal limit for fish
isrelevant to temperature standards, |and-use man-
agement plans, and determination of the habitat
available to aquatic species. The distribution of
coldwater fishes often reflects their inability to
withstand high summer water temperatures (Eaton
et al. 1995; Taniguchi et al. 1998); therefore, the
upper limit of a species’ thermal niche has special
importance. Our temporal-sampling window oc-
curred during the warmest time of the year, when
the upper thermal limits of these organisms are of
greatest interest. The RNC and RNW values cal-
culated using the 7-d average maximum temper-
ature are useful because they are comparable to
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FicurRe 4.—Nonmetric multidimensional scaling species ordinations for each region in Oregon. Each plot was
rotated such that axis 1 represents the strongest correlation with temperature. Triangles depict species’ locations
in ordination space. See the caption to Figure 3 for species abbreviations.

agency standards for maximum summer temper-
atures where average weekly maximum tempera-
tures are the recommended criterion (Gamperl and
Rodnick 2003). These criteria are often maximum
temperatures not to be exceeded for a specified

time during the summer months and limit the al-
lowable rate of temperature change or rise above
ambient receiving water temperature. Develop-
ment of water temperature criteria involves iden-
tifying limits that have both ecological and phys-



THERMAL REQUIREMENTS OF FISH AND AMPHIBIANS

355

A. Ecoregions B. Basins
L] L]
*
*h ™
. 8
A a4 "‘. .: .. .
. ' N ] ay
» o ‘. * -t i N O ¢
2 " . ™ - [ ] A ., L
. . " . T [ ] A : L] & gk n * -
‘.‘ “‘ a i . L | “h‘ s e Ya ae .
-~ L A A -
~ . ' . " Ak N - . o~ i.‘. ] - -t ., . . L]
w L n [} A
= A oa 4 l‘ N o I 4 - % " ma PR . .
P @ - . - "s 4 g -4 in S . A,
A i ’ L] " ‘l-
. L]
. . n = = . .- . : . .- M
A m n = ™ .
L] ‘ A -
A ™ - L | ] L]
L} ] - .fh‘ .
L} ] n u
) gt o s
.'!'-h; A
'y
L ]
oy ‘ m® ~...-
Axis 1 Axis 1

FIGurRe 5.—Two-dimensional nhonmetric multidimensional scaling (NMS) plot of study sitesin Oregon based on
the relative abundance (Bray—Curtis dissimilarity) of aquatic vertebrates by (A) ecoregion and (B) basin. Site
symbols represent areas as follows: circles = the Willamette Valley ecoregion or South Coastal basin; squares =
the Cascades ecoregion or Willamette basin; diamonds = the Blue Mountains ecoregion or Deschutes basin; and
triangles = the Coast Range ecoregion or North Coastal basin. The NM S plot was rotated to maximize thedistinction

among groups in each panel.

iological significance for the species of concern
(Brett 1971; NAS/NAE 1973). Estimation of the
realized thermal niche of a species using weighted
averaging will provide resource managers with
guidance in setting relevant water temperature
standards.

The realized thermal niches calculated in this
study are comparabl e to the maximum growth tem-
peratures and upper thermal limits from other field

TABLE 3.—R-vaues for pairwise analysis of similarity
tests among four ecoregions and four basins in Oregon.
Values indicate the extent to which between-region vari-
ability differs from within-region variability for species
relative abundances. All values are significant (Bonferroni
corrected P = 0.05).

Regions compared R
Ecoregions
Blue Mountains and Willamette Valley 0.743
Blue Mountains and Cascades 0.627
Blue Mountains and Coast Range 0.584
Cascades and Willamette Valley 0.484
Cascades and Coast Range 0.283
Coast Range and Willamette Valley 0.232
Basins
Deschutes and North Coastal 0.722
Deschutes and Willamette 0.517
Deschutes and South Coastal 0.301
North Coastal and South Coastal 0.147
North Coastal and Willamette 0.093
South Coastal and Willamette 0.083

and laboratory studies. Table 4 compares temper-
ature RNC and RNW upper limit values from this
study to maximum growth temperatures and upper
limits from the literature that were derived by var-
ious laboratory and field techniques for three sal-
monids. Nevertheless, the RNC gives different in-
formation than growth rate. It is an estimate of the
center of a species' realized thermal niche as in-
fluenced by the local environment (Magnuson and
DeStasio 1996). One may infer that at tempera-
tures outside the limits of the RNW, fecundity is
reduced until the local population is eliminated
because recruitment falls below the critical thresh-
old needed to maintain its competitiveness (Van-
note and Sweeney 1980). Unsurprisingly, the ex-
perimental upper limits are higher than those de-
termined by weighted averaging of field data.
These are reflections of the fundamental and re-
alized thermal niches for these species.

We recognize that there are substantial differ-
ences in the susceptibility of species to electro-
fishing. However, single-pass electrofishing has
been used by othersin our region to obtain relative
abundance data (e.g., Van Sickle and Hughes 2000;
Waite and Carpenter 2000). Our protocol of 40
wetted channel widths has been reported long
enough for relative abundance estimates to stabi-
lize (Angermeier and Smogor 1995). Study reach-
es were shocked at higher voltages to ensure that
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TABLE 4.—Comparison of this study’s realized niche center (RNC) and realized niche width (RNW) upper thermal
limits and various values from the literature for juveniles of three salmonid species (all values °C). The experimental
laboratory upper limits are from mortality tests. In the Fish and Temperature Database Matching System (FTDMS), fish
presence data were matched temporally and spatially with weekly mean temperatures to derive composite thermal
regimes; the 95th percentile of the maximum weekly mean temperature was then used as the upper thermal tolerance.
Abbreviations are as follows: NC = North Coastal basin, SC = South Coastal basin, CR = Coast Range ecoregion,
CA = Cascades ecoregion, and BM = Blue Mountains ecoregion.

Maximum Experimental FTDMS
growth RNW upper laboratory upper upper
Species RNC temperature limit limit limit EPA maximum
14.5 (All) 16.9 (All)
Coho salmon 14.0 (NC) 152 (USDI 15.9 (NC) 25.0P (Brett 1952) 23.4 (Eaton 18, 24 (USEPA
1970) et a. 1995) 1986)
15.8 (SC) 17.9 (SC) 28.8¢ (Becker and
Genoway 1979)
14.4 (CR) 16.7 (CR)
13.9 (All) 16.4 (All)
14.2 (NC) 16.4 (NC)
Cutthroat trout 14.3 (SC) 15 (Dwyer 15.4 (SC) 25,74 (Golden 23.2 (Eaton
and Kra- 1978) et al. 1995)
mer 1975)
14.2 (CR) 16.2 (CR)
12.9 (CA) 15.2 (CA)
16.0 (All) 19.7 (All)
14.0 (NC) 16.0 (NC)
Rainbow trout 16.6 (SC) 18.1¢ (Eaton 19.0 (SC) 26.6" (Charlon et 24.0 (Eaton 19, 24 (USEPA
et al. 1995) al. 1970) et al. 1995) 1986)
14.9 (CR) 17.6 (CR) 29.4¢ (Gamper!
and Rodnick
2003)
14.3 (CA) 16.9 (CA)
19.5 (BM) 22.4 (BM)

aFinal thermal preferendum strongly related to the maximum growth temperature (Jobling 1981).

b Upper lethal temperature at maximum acclimation temperature (time to 50% mortality, 6.3 d).

¢ Determined by slowly raising the temperature until 50% mortality was achieved (acclimation temperature, 15°C).

d Determined by slowly raising the temperature until 50% mortality was achieved (acclimation temperature, 23°C).

€ Calculated by fitting a second-degree polynomial trend line to experimental temperature-growth rate data collected by Hokanson (1977).
f Upper thermal tolerance limit (acclimation temperature, 24°C; time to 50% mortality, 1 d).

organisms, such as sculpins, tailed frog larvae, and
Pacific giant salamander larvae (that are more dif-
ficult to capture), were also collected. One factor
that can cause differences in electrofishing effi-
ciency is water conductivity (Zalewski and Cowx
1989; Hill and Willis 1994). Species that are less
susceptible to electrofishing techniques may be
captured more easily and appear to occur at a high-
er relative abundance at sites with higher conduc-
tivity. Our sites consisted of wadablefirst- to third-
order streams, and water conductivity was consis-
tently low (median, 63 wmhos/cm) with few ex-
ceptions.

Some of theseresults apply to only onelife stage
of some species, such as coho salmon smolts. Oth-
er species, such as rainbow trout and Pacific giant
salamander larvae, were encountered at various
life stages. Although our analysis revealed no dif-
ferences among different life stages of the species
we encountered, we feel that consideration of on-
togenic changes in thermal preference is worth-

while. It may be that differences in thermal re-
quirements related to ontogenic changes are dif-
ficult to detect with this type of sampling protocol
(Angermeier and Smogor 1995). More work is
necessary to address this topic.

Ordination of aquatic vertebrate assemblagesin
Oregon supports grouping them by ecoregion rath-
er than by basin. Our goal was to minimize the
variation inlocal and regional factors, such as hab-
itat diversity, competition, predation, climate, dis-
persal patterns, and biogeographical history, in
each group. Group membership was overlaid on
the ordination of sites to give a graphical repre-
sentation of the relationship among groups (Figure
5). Global ANOSIM results revealed significant
differencesin assemblage composition between all
four groups of basins and ecoregions. The R sta-
tistics were much closer to one for ecoregions (R
= 0.402) than for basins (R = 0.201), indicating
a greater degree of cohesiveness among ecore-
gions. This is reflected in the degree of overlap
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between groups in the NMS plots (Figure 5). The
NMS was of sufficiently low stress to give a per-
ceptible image of the group separations identified
by the ANOSIM pairwise comparisons. The pair-
wise ANOSIM tests showed a pattern of distinc-
tiveness between groups that was strongest on an
apparently spatial gradient (Table 3). The higher
R-values, which indicate more complete separa-
tion, were between more distantly separated (spa-
tially) groups, such as the Blue Mountains ecore-
gion and the Willamette Valley ecoregion, while
the lowest degree of separation (lower R-values)
were between regions that were geographically
close, such as the Coast Range ecoregion and the
Willamette Valley ecoregion. Our results agree
with Whittier et al. (1988) that ecoregions are more
appropriate classifications for site categories than
basins (see also Hughes et al. 1987). Although
ecoregions seem to group aguatic vertebrate com-
munities more effectively than basinsin this study,
regional history determines the assemblage com-
position of a particular location as strongly as the
habitat type that is indicated by its ecoregion. The
results of other studies caution against using aut-
ecological information from different ecosystems
or regions (Whittier and Hughes 1998), and we
argue that evaluations on a local level are worth-
while. The appropriate scale and extent of geo-
graphic categories, however, should be evaluated
on a case-by-case basis (Strange 1998).

Sincethe underlying factorsthat structure aquat-
ic vertebrate assemblages are thought to vary con-
tinuously, it makes sense that a more diverse re-
gion would provide a stronger gradient over which
species composition changes. Thisis evidenced by
a high correlation coefficient for all combined re-
gions with temperature (R = 0.658; Table 2). The
vertebrate assemblage in the South Coastal basin
also showed a strong relationship to temperature
(R = 0.658; Table 2). This relationship is only
useful, however, if the geographic classification
consists of a relatively cohesive faunal assem-
blage. It would be difficult to justify, for example,
extrapolating RNC and RNW values within re-
gions, where ecological data are sparsely or un-
evenly distributed, unless the important biotic and
abiotic factors that drive faunal assemblages were
relatively uniform.

Most of our sites were randomly selected with
the intent of characterizing regional conditions.
We feel that our sites accurately reflect the range
of conditions available for aquatic vertebrates in
this study within the constraints of the study de-
sign. Because ecoregions often have dominant
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land-use characteristics (e.g., the Willamette Val-
ley ecoregion is mainly agricultural, the Coast
Range ecoregion is predominantly logging, etc.),
the effect of “‘setting”” may be depicted, to some
degree, by grouping sites by ecoregion. However,
if the region has an extensive history of persistent
human disturbance, assemblages may correspond
to ecoregion classifications only when land use
differs significantly among ecoregions (Pan et al.
2000).

Although the relationship between temperature
and aquatic vertebrate assemblages is well docu-
mented, we used NMS to identify the strength of
the relationship between temperature and individ-
ual species and to determine its role in driving
assemblage composition. Species may be consid-
ered to have a strong statistical relationship with
temperature if greater than 10% of the variance in
a species’ relative abundance could be explained
by the variance in temperature (Pan et al. 1996).
In regions where temperature is shown to be an
important factor in driving assemblage structure,
temperature may play an important role in deter-
mining available habitat for a given species. Tem-
perature explains 34% of the variance in the site
ordination scores in the Blue Mountains ecoregion
(Table 2). This strong relationship of the Blue
Mountains vertebrate assemblage to temperature
islikely dueto the presence of rainbow trout; rain-
bow trout is the only species we encountered in
this region that are associated with cool water tem-
peratures (Figure 4; r2 = 0.60). Because of the
relative uniformity and distinctiveness of the Blue
Mountains ecoregion, the strong statistical rela-
tionship of this species to temperature is an in-
dicator of its importance to rainbow trout survival
in this region. Therefore, its calculated RNW up-
per limit of 22.4°C should be given careful con-
sideration. Other regions and species may be eval-
uated in the same way.

Temperature is a universal factor in the life his-
tory of fish and amphibians, but their distribution
is a complex phenomenon that is subject to influ-
ence from an assortment of variables (Shrode et
al. 1982). Intraspecific variation in thermal re-
guirements among regions may be due to biotic
factors such as competition, abiotic factors such
as substrate and cover, and genetic differences be-
tween populations. Therefore, temperaturein com-
bination with other factors may confer the real
ecological value of a species’ thermal response
(Reynolds 1977). It is evident that thermal niches
calculated for each taxon are, to some degree, re-
lated to regional stream temperatures (Christie and
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Smol 1993). Our results showed differences in
thermal niches among some regions where median
temperatures varied in a similar way. However,
physiological responses of geographically sepa-
rated populations are a factor of prevailing envi-
ronmental temperatures. Laboratory testson large-
mouth bass, for example, show the lowest tem-
perature growth optima occur in fish from Ontario
and the highest temperature growth optima occur
in bass from Texas (Beitinger and Fitzpatrick
1979). Thus, it isreasonable that aspecies’ thermal
niche should vary with regional water tempera-
tures.

An aguatic vertebrate's thermal niche, derived
using field data, is ecologically relevant. Thereis
clearly aneed for consistent, quantitative data that
respond to the question, Are there populational or
geographical differences in the thermal require-
ments of a species? Resource policies should be
region-specific; therefore, sound management de-
cisions require detailed local information (Gift
1977) and priorities should be adjusted according-
ly (Coutant 1987). Uses for quantitative regional
data include developing biotic integrity indices
(Fausch et al. 1984), determining the suitability of
water bodies for protected species, and identifying
environmental stressors in a system (Whittier and
Hughes 1998). The thermal requirements of many
fish and amphibians are poorly studied or un-
known. A WA analysis may provide important
measures of temperature requirements for poorly
studied organisms, such as nongame endangered
species, with negligible quantitative ecological in-
formation. With this field-based method, managers
can determine the range of temperatures beyond
which a species is unlikely to thrive.
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