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Abstract.—Multisource fish-sampling data and U.S. Geological Survey temperature data from
streams throughout the United States were used to investigate the influence of derived thermal
regime variables on the presence or absence of 15 common warmwater fish species. The 3-year
average annual thermal regime was calculated for streams where presence or absence was known
for these 15 species. Six variables estimated to be of biological importance to the winter and
summer survival and recruitment of a species, including measures of feeding and nonfeeding
periods, were calculated from these thermal regimes. Stepwise discriminant analysis and multiple
regression were used to select optimal variables for creating multivariate models. Parametric and
nonparametric multivariate discriminant analyses were then performed to test our ability to cor-
rectly classify presence or absence using the thermal variables. These statistical empirical models
were able to correctly predict presence or absence with greater than 90% accuracy for 13 of 15
species. Nonparametric (Kth nearest neighbor) analyses had marginally more accurate predictions
than parametric (linear) analyses. This technique may allow for an improved estimation of potential

changes in distribution under various global warming scenarios.

A recent United Nations Intergovernmental Pan-
el on Climate Change report (IPCC 1995) has pro-
vided new information substantiating the likeli-
hood of global climate change. The effect of cli-
mate change on freshwater ecosystems, including
effects on freshwater fish, will be profound (Mag-
nuson et al. 1997). Temperature will be a primary
factor in determining which freshwater fish species
will be most affected. One potential effect of cli-
mate change is modification of the geographic dis-
tribution of fish species. To predict this modifi-
cation, it is necessary to estimate temperature tol-
erances of fishes and then relate these tolerances
to the changing environment.

Previous investigations have used field data to
estimate maximum temperature tolerances of fish-
es (Eaton et al. 1995), which in turn were used to
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project the effects of global warming on fishes in”
lakes (Stefan et al. 1994, 1995) and streams (Eaton
and Scheller 1996). In general, the prevalence of
warmwater fish was predicted to increase in the
United States and that of coldwater fish to decrease
under conditions of increased maximum temper-
atures. It is likely that some warmwater fishes
would benefit as a result of the moderating effect
that global warming would have on stressful low
temperature conditions prevalent during the winter
at the boundaries of their current range. However,
relatively little research has been done on the low
temperature tolerances of most freshwater fish spe-
cies.

There is evidence that warmwater fish do not
feed or feed only sporadically and eat very little
at temperatures below 6-10°C (e.g. Johnson and
Charlton 1960; Keast 1968; McComish 1971; Shu-
ter et al. 1980, 1989). For example, Keast (1968)
lists the temperatures at which black bullhead
Ameiurus melas, black crappie Pomixis nigromacu-
latus, pumpkinseed Lepomis gibbosus, rock bass
Ambloplites rupestris, and largemouth bass Mi-

257



258

cropterus salmoides start feeding as about 6.5, 6.5,
8, 8.5, and 8.5°C, respectively. Death at low tem-
peratures has been observed to be a function of
the duration of winter nonfeeding temperatures,
which results in depletion of energy stores (John-
son and Charlton 1960; Shuter et al. 1989; Johnson
and Evans 1991) or osmoregulatory dysfunction
(Johnson and Evans 1996), or both. In addition to
longer-term effects resulting from energy deple-
tion, there is evidence that mortality among some
species from acute physiological stress occurs at
temperatures between 0°C and 4°C. Sheehan et al.
(1990) found that young-of-the-year green sunfish
Lepomis cyanellus, bluegill L. macrochirus, and
largemouth bass were relatively intolerant to low
temperature. All green sunfish died as temperature
was reduced from 5°C to 4°C, bluegills suffered
mortalities of 32%, 8%, and 4% at 0, 2, and 4°C,
respectively, and largemouth bass experienced 4%,
0%, and 12% mortality at 0, 2, and 4°C. in 30-d
laboratory exposures. Johnson and Evans (1996)
observed mortality among white perch Morone
americana to increase from 11% at 4°C to 71% at
2.5°C during 150 d of exposure to low tempera-
tures. A number of studies have documented or
demonstrated that smaller fish or young of the year
are more vulnerable than larger fish to overwinter
mortality (Toneys and Coble 1979; Post and Evans
1989; Shuter et al. 1989), and that good growth
conditions in the preceding summer reduce this
vulnerability.

The present study describes a multivariate sta-
tistical procedure for selecting variables and pre-
dicting the presence or absence of 15 fish species
using thermal regime criteria developed from fish
collection records and U.S. Geological Survey
(USGS) stream monitoring station temperature
files.

Methods

Data sources.—QOur analysis is based on two
data sources: (1) weekly average stream temper-
atures, which are drawn from the USGS National
Water Data Storage and Retrieval (WATSTORE;
Showen 1980) files of stream monitoring stations,
and (2) multisource fish-sampling events in close
proximity to USGS monitoring sites. These fish
data are obtained from a variety of sources (i.e.,
state fisheries or natural resource agencies, uni-
versities) from throughout the contiguous United
States. The unique fish collection and water tem-
perature regime combinations for each species are
derived from the Fish and Temperature Database
Matching System (FTDMS) database (Eaton et al.
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1995). Criteria for spatially matching stream mon-
itoring sites and fish collection records are given
in that report.

Thermal regime derivation.—Fish-sampling re-
cords for each species were matched with weekly
USGS stream temperature data for the entire sam-
pling year in which fish were collected, starting
with week of the year 38 (in late September), plus,
when available, the two previous sampling years
of USGS stream data. A 3-year mean was thought
to better represent the thermal experience of the
fish species collected because we assumed that
these species were resident at that site. Addition-
ally, a 3-year average would mitigate anomalies
that might occur within a single year.

Weekly temperatures of corresponding weeks of
the three years were averaged to create an annual
thermal regime consisting of 52 average weekly
stream temperatures. In cases when USGS tem-
perature data were not available for the full three
years, only two complete years (25% of all re-
gimes) or one year (7% of all regimes) of data
were considered acceptable. If one or two consec-
utive weeks of data within a year were missing (a
common occurrence in USGS datasets), an average
of the previous and next weeks’ average temper-
ature was used for the missing weeks. These three
year averages, which are associated with one or
more sampling events, are referred to as “annual
thermal regimes’ in this study.

Fish presence or absence.—If a given species
was captured at any time during an annual thermal
regime, the species was considered to be present
during all of that annual thermal regime. If not,
the annual thermal regime was assigned an absence
value for that species. It is recognized that false
absences may occur due to inadequate or insuffi-
cient sampling. However, only streams that were
adequately sampled by professional fisheries or
natural resource biologists for the 15 species cho-
sen were used as the basis for this study. Because
our fish data are derived from external sources, we
are dependent on their evaluation of their sampling
methods as thorough and complete for all species
analyzed.

The data analyzed for each species was limited
to annual thermal regimes within those watersheds
in which that species was known to occur (Bos-
chung et al. 1983). The subregion watershed clas-
sification system developed by Maxwell et al.
(1995) provided the watershed boundaries used for
determining whether to include or exclude “‘ab-
sence” thermal regime values for each species.
Subregion watersheds were considered the poten-
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tial (i.e., unimpeded or feasible access) geographic
range of each species, and thermal regimes found
outside of this range were not included in the final
analysis. As a consequence, the total number of
sites available to each species is unique. This
seemed the best way to allow for inclusion of sites
which are absences due to thermal conditions and
to provide for expansion of a species’ range under
climate change conditions. Nevertheless, some of
our absence values may result from factors unre-
lated to temperature (e.g., river size, flow, com-
petition, habitat, etc.).

Thermal regime variables—From each annual
thermal regime classified as to presence or absence
for each of the 15 species, we derived six variables
which were considered potentially important com-
ponents or attributes of warmwater fishes’ thermal
experience. These six variables, designated TO-
TAL, >8C, =8C, FACTOR, WEEKS8C, and
WEEK2C, are defined below and were largely
based on the limited low temperature effects in-
formation described previously.

The TOTAL variable is defined as the cumu-
lative temperature for all weeks within the annual
thermal regime. We used the unit degree-weeks
(DW), defined as the sum of the average weekly
temperatures for the defined period, to quantify the
cumulative temperature experienced during these
thermal conditions. Degree-weeks integrates time
and temperature over longer-term periods (months,
seasons) within the annual thermal regime. The
TOTAL variable quantifies the thermal regime
over the entire annual cycle and was thought to
take into consideration those physiological pro-
cesses that occur gradually or serially over a long
period of time (e.g., gonadal development and mat-
uration) that result in important life cycle events
such as reproduction. Although TOTAL is essen-
tially equivalent to average temperature multiplied
by the number of weeks in a year, the unit was
retained to facilitate comparisons to the =8C and
>8C variables.

Each annual thermal regime was subdivided
based on whether the weekly average temperature
is above 8°C (>8C variable) or equal to or below
8°C (=8C variable). These variables are chosen to
approximate the feeding and nonfeeding periods
within the annual thermal regime. Although the
temperature at which fish start feeding after over-
wintering has been reported to vary among spe-
cies, variation in feeding activity with temperature
also has been observed between different sizes of
the same species (Keast 1968, 1977). At or below
this temperature, warmwater fish are quiescent or
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dormant and either don’t grow or lose weight.
Within a few degrees above this temperature, they
become active and are capable of growth (Keast
1968). Thus the >8C variable quantifies the period
of growth. The =8C variable quantifies the period
within a year of zero or negative fish growth, anal-
ogous to the starvation period described by Shuter
and Post (1990).

The FACTOR variable (dimensionless) is cal-
culated by dividing the >8C variable into the =8C
variable. Shuter and Post (1990) demonstrated that
this proportion or coefficient may be critical in
determining the northern limits of some warm-
water fishes.

The WEEKSC variable is equal to the number
of weeks at or below minimum critical feeding
temperature (8°C). This is a measure of the time
that fish experience zero growth or starvation. The
rationale for this variable is that the duration of
the nonfeeding period might be more important to
survival than the actual temperature.

The WEEK2C variable, which is equal to the
number of weeks at or below 2°C, was included
to cover the possibility that very low temperature
might cause mortality through osmoregulatory
dysfunction (Johnson and Evans 1996) or other
physiological mechanisms.

Statistical Analysis

Annual thermal regime data sets for each fish
species were analyzed individually with multivar-
iate statistical procedures using SAS statistical
software (SAS Institute 1990). First, the annual
thermal regime was rejected if all the weekly tem-
peratures exceeded the minimum feeding temper-
ature (no value for FACTOR; <8C and WEEKS&C
equal to zero). The relative influence of these omit-
ted warm stream data sets was tested by assigning
a value of one to the =8C variable and performing
identical analyses. The addition of these annual
thermal regimes, which constituted less than 7%
of data for any species, did not substantially
change the results. Specificity and sensitivity val-
ues calculated with both linear discriminant anal-
ysis (LDA) and nonparametric Kth nearest neigh-
bor (KNN) analysis were less than 2.4% different.
Two variables were transformed to meet the as-
sumptions of normality: the square root of FAC-
TOR was substitued for FACTOR, and WEEKSC
was substituted with the arcsine of the value of
WEEKS8C divided by the maximum value of
WEEKSC (stratified by presence and absence). All
variables were subsequently standardized (mean =
0, SD = 1). Next, several variable selection tech-
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niques were used to identify which of the six ther-
mal regime variables optimized the discriminant
function analysis. The selection of optimal vari-
ables generally improves the performance of any
subsequent discriminant function analyses. Step-
wise discriminant analysis (forward selection,
backward selection, and full stepwise) and a “‘best
subsets’”” method (using Mallow’s C, and the re-
lationship between regression and two-group lin-
ear discriminant analysis (see, for example, Klein-
baum et al. 1988) were used for variable selection.
If multiple combinations of variables were chosen
using these different methods, then each combi-
nation of variables, for each species, was saved
for subsequent submission to our discriminant
function analyses. These analyses allowed the se-
lection of the optimal variables separately for each
species and to reduce multicollinearity between
variables.

Following the variable selection process, LDA
and KNN analysis were performed on each of the
unique combinations of variables to determine
how successfully the derived thermal variables
classified annual thermal regimes into presence or
absence. Quadratic discriminant analysis and clas-
sification tree methods were also used for 7 of the
15 species, but these methods proved to be less
accurate than LDA and KNN analysis. Prior prob-
abilities were assumed to be equal in the analysis
due to the uncertainty and difficulty of accurately
estimating ecological priors (Williams 1983). A
nearly unbiased classification was obtained using
an n-fold (or leave-one-out) cross validation
(Lachenbruch and Mickey 1968). In n-fold cross
validation, n separate classification models are
constructed, with »n different data sets, with each
data set having one observation from the full n-
observation data set removed. For each of these n
models, we classified the single data point that was
not used in that model and found the error rate.
Thus no data point was ever used to fit the model
that was used to classify the data point.

Results

A summary of select univariate statistics for all
variables is presented in Table 1. The model (or
combinations of variables) that produced the high-
est specificity (ability of the model to accurately
predict absence) and highest sensitivity (ability to
accurately predict presence) for each species are
highlighted in bold type. The TOTAL and >8C
variables have presence values (means) greater
than absence values for all 15 species. The TOTAL
and >8C variables were selected as optimal model
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variables for 8 and 6 species, respectively. The
=8C variable has a presence value less than the
absence value for 11 of 15 species (6 of 8 species
when the variable was selected for the model).
Brown bullhead, gizzard shad, rock bass and white
crappie are the exceptions. The FACTOR variable
(the ratio of no-growth to growth periods) has
mean presence values lower than absence for 13
species (excepting brown bullhead and rock bass),
reflecting longer relative growth periods for pres-
ence. The WEEKSC variable was universally cho-
sen as an optimal model variable. The WEEKR8C
variable has mean presence values lower than ab-
sence values for all 15 species, and the range of
presence values, notably the maximum, are re-
duced as compared with absence. The WEEK2C
variable was selected as an optimal variable for 12
species. The mean presence values for WEEK2C
are lower or equal to mean absence values for 9
of these 12 species, but the results for WEEK2C
are difficult to interpret because they are highly
skewed towards zero. There is considerable over-
lap in the ranges of values for presence and ab-
sence for all of our variables, although the range
of absence values is generally greater than that of
presence values. This may be an artifact of the
larger sample sizes for absence. Normality was
tested and confirmed for our variables, with the
notable exceptions of the FACTOR and WEEK2C
variables, which are positively skewed.

Multivariate analyses of the derived thermal
variables were successful in classifying presence
or absence. Table 2 presents the specificity and
sensitivity of these two analyses for each species.
Comparing the results from KNN analysis and
LDA, we can see that KNN analysis tended to have
greater specificity and sensitivity than the LDA.
The KNN analysis accurately predicted both pres-
ence and absence with greater than 90% success
for 12 of 15 species. Predictions by LDA were
slightly lower: sensitivity was greater than 80%
for 13 of 15 species, and specificity was greater
than 80% for 14 of 15 species. A notable failure
of both statistical procedures occurred in classi-
fying presence or absence of rock bass. Specificity
and sensitivity were 60% and 87% with KNN anal-
ysis and 71% and 65% with LDA.

Discussion

Thermal conditions occurring over a much lon-
ger period and influencing a wider range of phys-
iological processes were considered in estimating
low-temperature tolerances as compared with the
high-temperature tolerances estimated previously
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(Eaton et al. 1995). The results of this study sup-
port the hypothesis that low-temperature toler-
ances, in addition to the upper preferred temper-
ature range, are important in determining the oc-
currence of warmwater species. The multivariate
analysis technique used to obtain these results is
unique in combining several thermal regime fac-
tors that have previously been shown only indi-
vidually to influence the thermal tolerances, in-
cluding overwinter survival, of warmwater fishes.
Although the Fish Temperature Database Matching
System was originally used to estimate species
high-temperature tolerances, these data are also
suitable for estimating cold thermal tolerances as
used in the present analysis.

Clearly, we have not included all the other bi-
ological factors which may determine the ability
of a population of a fish species to exist at a given
location. However, the variables included in this
study do successfully classify most presence or
absences or, alternatively, are closely correlated
with other factors that do discriminate between
presence and absence. The addition of other en-
vironmental variables (e.g., stream flow, maximum
tolerable temperature) could increase the sensitiv-
ity and specificity of this or similar analyses and
may increase the ability to predict changes in dis-
tribution under altered conditions. No unusual as-
pects of the life history, biology, thermal re-
sponses, or habitat requirements or anomalies in
the data set of rock bass (Scott and Crossman
1973) were found to explain the poor ability of the
statistical methods to accurately classify presence
or absence for this species.

Shuter and Post (1990) used bioenergetic mod-
els to demonstrate the importance of body size and
duration of winter on the northern geographic lim-
its for Eurasion perch, Perca fluviatilis, yellow
perch, Perca flavescens, and smallmouth bass, Mi-
cropterus dolomieu. Near their geographic limits,
overwinter survival was reduced by starvation of
young of year because of restrictions imposed by
shortened growing period and lengthened starva-
tion period (see Lyons 1997 for a regional appli-
cation of the model). Ten of the 15 species used
in our study were determined by Shuter and Post
(1990) as having a distribution potentially limited
by overwinter starvation. Results of the statistical
model in our study support the importance of rel-
ative growth conditions and shortened nonfeeding
periods on distribution. Notably, the FACTOR
variable, which is the ratio of nonfeeding to feed-
ing potential, was chosen as an important variable
for predicting the presence or absence of 12 spe-
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cies. Presence values are lower than absence for
11 of the 12 selected species (rock bass is the
exception) and 13 of the total 15 species, reflecting
the importance of a relatively longer growing or
feeding period or shortened nonfeeding period.
The variable WEEKS8C (nonfeeding or stressful
cold temperatures) was chosen as an important pre-
dictive variable for all 15 species. All presence
values were lower than absence values, which is
consistent with our expectations that warmwater
species would favor streams with shorter cold pe-
riods. Although the >8C and =8C variables were
chosen less often (eight and six species, respec-
tively), the presence values for these variables
show a pronounced tendency towards greater feed-
ing periods and reduced nonfeeding periods for
these warmwater species. The TOTAL variable,
chosen for eight species, encompasses conditions
experienced throughout the entire thermal regime.
Presence values for TOTAL were consistently
greater than absence values.

Other studies on the effects of low temperature
on fishes have focused on resident lake popula-
tions. Consequently, 4°C has frequently been the
minimum temperature available to investigators in
these studies (e.g., Toneys and Coble 1979; Post
and Evans 1989). In our study, 39% of the streams
available in our database sustain average temper-
atures of less than 4°C for at least 1 week. Our
results highlight the important contribution that
temperatures at or below 4°C can have on the pres-
ence or absence of warmwater fishes in streams.
The WEEK2C variable, selected as a temperature
previously shown to directly cause mortality, was
selected as an important predictive variable for 12
species; 9 of these 12 species had presence values
lower than absence values.

The analyses presented in this study describing
the relationship between species presence or ab-
sence and thermal regime variables are empirical
and correlative; therefore, deterministic interpre-
tations are very difficult. Although we cannot infer
causation or the relative importance of a variable
as compared to the other variables, these results
agree with known physiological or life history re-
strictions imposed by the affects of these different
variables.

The somewhat greater success of the nonpara-
metric KNN analysis is probably due to the non-
normality of some of our variables. Unfortunately,
the further application of the KNN method requires
the use of the original data set used for calibration,
whereas the formulae derived from LDA can be
applied independently of the original data. Other
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TABLE 1.—Descriptive statistics for the model variables selected for 15 warmwater fish species. Optimal model

variables are in bold italic type face.

Species TOTAL (DW)© =8C (DW)* =8C (DW)*
Name® Status (V)® Mean Range Median Mean Range Median Mean Range  Median
BLC A (440) 655.0 159-1071 625 576.9 33-1063 547 78.1 6-200 74
P (67) 741.0 569-1034 725 673.7 489-99] 648 67.3 28-112 67
BLG A (357) 622.6 159-1071 606 540.3 33-1063 526 82.3 6-200 78
P(150) 770.6 358-1066 771 707.3 279-1059 703 63.4 7-117 64
BRB A(230) 730.2 426-1071 731 669.1 369-1063 662 61.1 6-118 61
P (40) 749.8 513-1034 719 681.8 463-991 641 68.1 37-112 70
CAP A (308) 631.4 159-1063 606 547.6 33-1056 517 83.8 6-200 82
P(199) 720.6 358-1071 727 655.0 279-1063 663 65.6 7-148 65
CCF A (309) 630.9 159-1071 612 548.4 33-1063 529 82.5 6-200 79
P (150) 753.6 431-1066 769 690.3 328-1059 704 63.3 7-148 63
FCF A (204) 735.6 159-1071 757 672.9 33-1063 695 62.8 6-126 63
P (48) 791.3 557-1066 792 730.7 500-1059 723 60.6 7-87 62
FWD A(183) 694.0 159-1071 705 627.8 33-1063 633 66.3 7-126 67
P (68) 746.5 515-1012 755 683.2 480-981 691 63.4 28-93 62
GIS A(199) 714.0 159-1071 705 652.9 33-1063 631 61.1 7-126 59
P (96) 779.4 590-1012 785 7127 530-981 708 66.8 6-108 68
GOs A(461) 659.2 159-1071 627 581.9 33-1063 549 77.4 6-200 73
P (46) 738.2 426-896 731 668.4 393-836 657 69.8 33-112 70
GSF A(361) 649.9 159-1071 620 570.0 33-1063 542 79.9 6-200 76
P(104) 750.0 358-1066 761 685.6 279-1059 696 64.5 7-97 67
LMB A (335) 607.0 159-1071 602 521.5 33-1063 520 85.5 7-200 81
P(172) 782.1 358-1066 790 722.6 279-1059 726 59.6 6-148 60
RKB A(141) 685.1 426-943 682 620.9 369-897 608 64.2 31-118 61
P (68) 718.8 458838 725 647.5 427-788 647 7L5 31-112 73
SAB A(161) 706.4 159-1071 726 639.1 33-1063 650 67.4 7-126 69
P (51) 772.0 513-1066 780 715.0 463-1059 717 57.0 7-86 58
WHB A(153) 709.0 159-1071 723 642.3 33-1063 648 66.8 7-126 69
P (75 741.7 549-1012 755 678.3 500-981 692 63.5 28-95 62
WHC A (231 700.6 159-1071 694 637.0 33-1063 625 63.7 7-148 62
P (94) 774.6 574-1063 782 709.7 522-1056 704 65.0 6-95 67

 Species names: BLC = black crappie: BLG = bluegill; BRB = brown bullhead. leralurus nebulosus: CAP = common carp. Cyprinus
carpio; CCF = channel catfish, lctalurus punctatus: FCF = flathead catfish, Pylodictis olivaris; FWD = freshwater drum, Aplodinotus
grunniens: GIS = gizzard shad, Dorosoma cepedianum; GOS = golden shiner, Notemigonus crysoleucas; GSF = green sunfish; LMB
= largemouth bass: RKB = rock bass; SAB = smallmouth buffalo, Ictiobus bubalus; WHB = white bass, Morone chrysops; WHC =

white crappie. Pomoxis annularis.

b Species status: N = number of annual thermal regimes within a species geographic range in which a species was present (P) or absent

(A).

¢ DW = degree weeks. defined as the sum of the average weekly temperatures for the defined period.

multivariate statistical analysis methods were ex-
plored but found to be inadequate or unsuited to
our data. Quadratic discriminant analysis was
highly sensitive to normality and extrapolation.
Classification regression trees did not provide ad-
equate separation of presence or absence groups.
Based on results presented in this paper, we con-
clude that KNN analysis or LDA could be applied
to other species in the FTDMS database with suf-
ficient data to meet the criteria that minimum sam-
ple size exceed multivariate dimensionality by at
least a factor of three (Williams and Titus 1988).

Summary

The results of this study present a statistical ap-
proach for predicting the presence and absence of
15 warmwater fish species based on various ther-

mal variables derived from annual thermal re-
gimes. The ability of our statistical models to dis-
criminate presence from absence strengthens our
hypothesis that these potentially biologically sig-
nificant thermal variables are important to a spe-
cies’ ability to populate a given location. This
study used existing data to analyze the effects of
derived temperature variables on species through-
out their present thermal and geographic range in
the United States. This method allows for assess-
ment of thermal suitability (presence or absence)
for a species based on measurements of year-round
stream temperature or predicted annual thermal re-
gimes. This methodology can be applied to predict
changes in warmwater species population abun-
dances or distributions due to climate change, such
as the lake temperature models developed by Ste-
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Species FACTOR WEEKSC (weeks) WEEK2C (weeks)
Name®  Status (V)P Mean Range Median Mean Range  Median Mean Range Median
BLC A (440) 0.193 0.006-3.818 0.122 17.1 1-48 18 3.1 0-26 [/]
P (67) 0.104 0.029-0.208 0.100 16.1 5-25 17 29 0-14 i
BLG A (35T) 0.217 0.006-3.818 0.141 18.1 1-48 19 3.3 0-26 0
P (150) 0.098 0.006-0.288 0.092 14.2 1-30 15 23 0-16 0
BRB A (230) 0.100 0.006-0.319 0.096 15.8 1-28 17 4.4 22 I
P (40) 0.104 0.041-0.208 0.107 15.6 5-24 17 2.8 0-15 [/]
CAP A (308) 0.228 0.006-3.818 0.155 17.3 1-48 18 23 0-26 0
P(199) 0.109 0.007-0.426 0.099 16.4 1-30 17 4.1 0-20 1
CCF A (309 0.223 0.006-3.818 0.140 17.5 1-48 18 2.9 0-26 (/]
P{150) 0.102 0.006-0.426 0.095 15.1 1-27 16 33 0-20 1
FCF A (204) 0.128 0.006-3.818 0.096 15.8 1-48 16 4.2 0-26 1
P (48) 0.087 0.007-0.136 0.093 13.6 1-25 14 2.5 017 0
FWD A (183) 0.142 0.006-3.818 0.105 175 1-48 18 5.0 0-26 1
P (68) 0.095 0.029-0.148 0.095 16.3 5-26 I6 4.1 0-20 2
GIS A(199) 0.130 0.006-3.818 0.097 16.3 1-48 18 5.2 0-26 1
P (96) 0.097 0.006-0.205 0.095 14.4 1-21 15 16 0-13 I
GOS A (461) 0.189 0.006-3.818 0.120 17.0 1-48 I8 3.1 0-26 /]
P (46) 0.106 0.059-0.208 0.103 16.6 7-28 16 2.7 0-22 1
GSF A (361) 0.206 0.006-3.818 0.128 17.0 1-48 18 29 0-26 0
P (104) 0.101 0.006-0.285 0.096 15.4 1-30 16 2.9 0-16 1
LMB A (335) 0.228 0.007-3.818 0.151 18.9 1-48 19 3.5 0-26 /]
P(172) 0.091 0.006-0.426 0.086 13.1 1-30 14 2.1 0-21 0
RKB A(l4D) 0.110 0.040-0.319 0.099 17.8 6-28 19 5.8 0-22 2
SAB P (68) 0.112 0.047-0.208 0.109 16.5 7-26 17 2.7 0-21 1
A(lbl) 0.145 0.006-3.818 0.106 17.1 1-48 17 4.6 0-26 1
WHB P (51) 0.083 0.007-0.134 0.088 15.2 1-24 L 4.1 0-17 2
A(153) 0.146 0.006-3.818 0.105 17.0 1-48 17 4.4 0-26 |
WHC P (75) 0.096 0.029-0.148 0.096 16.5 5-25 16 4.6 0-17 2
A (231) 0.137 0.006-3.818 0.100 16.7 1-48 18 4.9 0-26 1
P (94) 0.094 0.006-0.148 0.096 15.0 1-22 16 2.5 0-14 I

TaBLE 2.—Specificity (percent absence correctly pre-
dicted as absence) and sensitivity (percent presence cor-
rectly predicted as presence) of K-nearest neighbor (KNN;
priors = 0.5; K = 15) and linear discriminant analysis
(LDA; priors = 0.5).

KNN LDA

Speci-  Sensi- Speci-  Sensi-

Species ficity tivity ficity tivity
Black crappie 100 100 99 90
Blue gill 97 99 98 99
Brown bullhead 83 90 86 78
Common carp 96 97 100 93
Channel catfish 98 99 99 97
Flathead catfish 96 100 100 90
Freshwater drum 100 90 98 87
Gizzard shad 100 98 100 91
Golden shiner 100 98 100 96
Green sunfish 100 100 100 91
Largemouth bass 97 99 93 95
Rock bass a0 87 71 65
Smallmouth buffalo 99 96 100 28
White bass 99 93 100 81
White crappie 100 96 100 93

fan et al. (1995). Modeling techniques are cur-
rently being developed for predicting the effects
of climate change on stream thermal regimes that
will, in turn, provide the basis for estimating im-
pacts on fisheries resources.
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