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Abstract

The geologic diversity of landforms in the Southwest complicates efforts to evaluate impacts of land uses such as livestock
grazing. We examined a research study that evaluated relationships between trout biomass and stream habitat in the White
Mountains of east-central Arizona. That study interpreted results of stepwise regressions and a nonparametric test of ‘‘grazed
and ungrazed meadow reaches’’ as evidence that livestock grazing was the most important factor to consider in the recovery of
the Apache trout (Oncorhynchus apache Miller). That study had assumed that geologic variation was insignificant in the study
area. However, lithologic and topographic differences between the felsic slopes of Mount Baldy and adjacent mafic plateaus
influence many attributes of trout habitat. We tested the robustness of the earlier study by using its dataset and its method of
stepwise regression, but with the addition of a variable representing geologic variation. The results suggested that geology was
a highly significant predictor of trout biomass (P , 0.0001), whereas bank damage by ungulates was not a useful predictor of
residual variation in trout biomass after accounting for geology (r2 ¼ 0.015, P ¼ 0.290). However, the associations between
natural variation and land use impacts in this spatial dataset confound attempts to make inferences concerning effects of
livestock grazing upon trout. Despite fundamental problems in the analysis, the results of the earlier study were repeatedly cited
in scientific literature and debates about grazing management. To fairly decipher relationships between ecological production
and livestock grazing in diverse landscapes requires temporal studies with reliable methodologies and proper controls for
landscape variation. Ignoring geologic variation has the potential to mislead conservation policies by inappropriately
implicating land use, by undervaluing inherently favorable habitats, and by inflating expectations for inherently less favorable
habitats.

Resumen

La diversidad geológica de los paisajes del Sudoeste Americano complica los esfuerzos para evaluar los impactos de los usos del
suelo, como el apacentamiento del ganado. Examinamos una investigación que evaluó las relaciones entre la biomasa de truchas
y su hábitat ribereño en las White Mountains, de la region este-central de Arizona. Ese estudio interpretó resultados de regresión
gradual y una prueba no paramétrica de ‘‘praderas apacentadas y no apacentadas,’’ como evidencia de que el apacentamiento
del ganado era el factor más importante a considerar en la recuperación de la trucha ‘‘Apache’’ (Oncorhynchus apache Miller).
Ese estudio habı́a asumido que la variación geológica era insignificante en el área del estudio. Sin embargo, las diferencias
litológicas y topográficas entre las pendientes félsicas del Mount Baldy y las mesetas máficas adyacentes influencian muchos
atributos del hábitat de la trucha. Probamos la robustez del estudio anterior usando sus datos y su método de regresión gradual,
pero con la adición de una variable representando la variación geológica. Los resultados sugirieron que la geologı́a fue un
predictor altamente significativo de la biomasa de la trucha (P , 0.0001), mientras que el daño de las riberas por los ungulados
no fue un predictor útil de la variación residual en biomasa de la trucha después de considerar la geologı́a (r2 ¼ 0.015,
P ¼ 0.290). Sin embargo, las asociaciones entre variación natural y la utilización del suelo en este juego espacial de datos
confunden los intentos de hacer inferencias respecto a los efectos del apacentamineto del ganado sobre la trucha. A pesar de
problemas fundamentales en el análisis, los resultados del estudio previo fueron citados repetidamente en la literatura y
discusiones cientı́ficas sobre el manejo del apacentamineto. Para descifrar justamente las relaciones entre la producción
ecológica y el apacentamineto del ganado en paisajes diversos, también se requieren estudios temporales con metodologı́as
confiables y controles apropiados de la variación del paisaje. Ignorar la variación geológica tiene el potencial de conduccir
erroneamente las politicas de conservación al implicar inapropiadamente la utilización del suelo, por subvaluar los hábitats
intrı́nsecamente favorables, y por sobrevalorar las espectativas para hábitats intrı́nsecamente menos favorables.
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INTRODUCTION

Livestock grazing has potential to indirectly impact fish
populations by altering riparian and aquatic habitat in a myriad
of ways (Kauffman and Krueger 1984; Platts 1991). In
particular, cows and other large ungulates can shear over-
hanging banks, trample soils, and remove vegetative cover,
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particularly along small, fine-textured streams dominated by
grassy vegetation (Trimble and Mendel 1995). Such impacts
can lead to wider, shallower channels, increased streambank
erosion, decreased undercuts along streambanks, and reduced
streamside vegetation (Kauffman et al. 1983; Knapp and
Matthews 1996). Many comparisons between ungrazed
reaches and grazed reaches have suggested that such habitat
modifications can diminish trout abundance (Platts 1991),
although the effects can depend on how abundance is measured
and can vary for different age classes (Knapp et al. 1998).
Moreover, studies to determine the impacts of grazing on fishes
have often been compromised by weak experimental designs
(Platts 1991; Rinne 1999). Large experimental errors com-
monly result from high variation across and within streams,
causing an inability to detect statistically significant differences
(Larsen et al. 1998; George et al. 2002). Attempts to evaluate
impacts of agricultural land use on fisheries have often been
complicated by complex interrelationships with geologic vari-
ation at different scales (Fitzpatrick et al. 2001). Moreover,
whenever land use and natural variation covary but geology
and terrain are ignored, the influence of land use is likely to be
overestimated (Allan 2004).

This paper reexamines a study that has been cited in
literature on grazing–fish-habitat relationships to demonstrate
potential effects of ignoring intermediate-scale geologic varia-
tion. We test the robustness of the earlier study by using its
dataset and its method of stepwise regression, but with the
addition of a variable representing geologic variation. We
then trace how ignoring geology affected interpretations of
the study in published reports, position statements, and arti-
cles. We explain how many of the problems in this study result
from improper use of statistics, but that such errors could
befall other attempts to evaluate the impacts of land uses such
as livestock grazing based upon monitoring data from hetero-
geneous landscapes. We conclude by considering how ignor-
ing geologic variation could ultimately mislead conservation
efforts.

Apache trout (Oncorhynchus apache Miller), a species listed
as threatened under the Endangered Species Act, is endemic to
the White Mountains of east-central Arizona. The recovery
plan for the species identified introductions of nonnative trout
and habitat modifications as the 2 primary causes of declines in
the species (US Fish and Wildlife Service 1983). Consequently,
recovery efforts have focused on restricting nonnative trout
from reaches containing pure Apache trout populations and
protecting habitats by excluding grazing (Ruiz and Novy
2000). Analyses of Apache trout habitat have historically
focused on a few small stream reaches (Harper 1976; Wada
1991; Kitcheyan 1999), reflecting the fact that individual
streams have served as primary conservation and management
units for the species. Only 1 study has evaluated trout-habitat
relationships across the White Mountains region. Originally
published as a report by the Arizona Game and Fish Depart-
ment (Clarkson and Wilson 1991), the study was ultimately
published in a major peer-reviewed fisheries journal (Clarkson
and Wilson 1995). The study was 1 of only 4 data-based studies
of relationships between livestock grazing and fishes in the
Southwest found in the literature review by Rinne (1999). The
study used stepwise regression to analyze data collected from
streams on the Apache and Sitgreaves national forests and the

White Mountain Apache Reservation using a set of survey
methods, the General Aquatic Wildlife System (GAWS), which
had been adopted by the US Forest Service (1985). The authors
of the study intended to validate the GAWS methodology and
various stream habitat models that had been developed in other
regions of the United States for use in the local area (Clarkson
and Wilson 1991). However, they extended their results to
implicate livestock management practices as a major factor
limiting recovery of Apache trout habitat.

The Clarkson and Wilson study (1995) acknowledged that
geology fundamentally controls aquatic habitat, stating that
‘‘fluvial habitat is largely a function of drainage basin geology
and geomorphology, and thus, the generality of fish-habitat
relationships is not expected to extend beyond a geologically
homogeneous area’’ (p. 599). However, they proceeded to claim
that their study area of the White Mountains was ‘‘relatively
small and homogeneous.’’ The assumption that the region was
homogeneous contradicted extensive geologic research that had
revealed substantial variation at the intermediate scale used in
the study. A detailed map published by geologist Robert K.
Merrill in 1974 showed that the White Mountains could be
divided into felsic volcanic rocks (light-colored and rich in
silica, with a composition like granite) and mafic volcanic rocks
(dark-colored and rich in iron and magnesium, predominantly
basalt). Lithologic and topographic variation influences essen-
tial aspects of salmonid habitat including base flow, substrate
texture, temperature, and streambank cover (Modde et al.
1991; Nelson et al. 1992; Montgomery 1999; Rinne 2000;
Hicks and Hall 2003). Moreover, geologic variation in the
White Mountains is confounded with other influences on trout
habitat quality, which include roads, past timber management,
and use by wild ungulates such as elk (Cervus elaphus nelsoni)
(Medina and Steed 2002; Long et al. 2003).

METHODS

To better understand the implications of ignoring geologic
variation when evaluating trout habitat, we revisited the
analyses reported by Clarkson and Wilson. Their study in-
cluded 243 stations grouped into 75 reaches on 21 streams in
the White Mountains that were sampled using the GAWS
methodology between 1986 and 1990. We aggregated geology
maps of the White Mountains area prepared by Wrucke (1961),
Merrill (1974), and Nealey (1989) into an intermediate-scale
map (Fig. 1). The map revealed that 6 of the study streams flow
down the felsic slopes of Mount Baldy, 14 originate on adjacent
mafic plateaus, and 1 flows from Escudilla Mountain, a moun-
tain composed of mafic volcanic and volcaniclastic rock.

Clarkson and Wilson used the GAWS methodology to clas-
sify streams into reaches based upon 3 gradient types: meadow
(mean gradient , 2%), headwater (mean gradient . 6%), and
intermediate (mean gradient between 2% and 6%). They es-
tablished between 1 and 6 sampling stations within each
reach; the length of each station varied from 152.4 m to 50 m
depending upon the year that they were established. They
established the initial stations subjectively as ‘‘representative’’
of the reach, and they located subsequent stations at systemat-
ically spaced intervals. Stations within reaches were located
as close as 65 m and as far as 3000 m apart. They calculated
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mean values for a large number of habitat variables by aver-
aging measurements across 5 systematically placed transects
within each station. The GAWS handbook (US Forest Service
1985) detailed the measurement and coding of these var-
iables, but a more recent publication (Robinson et al. 2004)
provides a convenient summary. Although many of the assessed
habitat variables discussed in this paper are self-explanatory,
the ‘‘ungulate bank damage rating’’ requires fuller explana-
tion. The GAWS surveyors recorded bank damage by ungulates
as the percent of each stream bank 5 m above and below
each transect that appeared to have been ‘‘grazed and trampled
by ungulates’’; these observations were classified into 1 of
4 ratings: 4 (none to low: 0%–25%), 3 (moderate: 26%–
50%), 2 (high: 51%–75%), and 1 (severe: . 75%), so that
lower values represented more observed impact. The ratings
did not distinguish among ungulates, although Clarkson and
Wilson (1995) summarily attributed ‘‘most of the damage to
domestic cattle’’ (p. 609).

The initial Clarkson and Wilson (1991) study employed
stepwise regression starting with dozens of landscape and
habitat indices in search of a model to predict trout biomass
(g �m�2). They reported results of a model that regressed the
square root of trout biomass on 12 physical habitat variables.
They noted a high degree of collinearity in their model, which,
in their 1995 paper, they claimed to have remedied by removing
some highly correlated explanatory variables, transforming
some of the remaining variables, and ‘‘applying ridge estimates’’
(p. 605). The latter reference suggests that they applied ridge
regression, a technique designed to improve the predictive
power of regression by allowing biased estimators (Belsley et al.
1980). Their new model included ungulate bank damage rating,
square root of mean channel width, natural logarithm of
elevation, 2 dummy variables for channel type (distinguishing
high- and intermediate-gradient reaches from low-gradient
ones), natural logarithm of riparian area width, the interaction
terms between elevation and the 2 channel type variables, and

Figure 1. Geology of the White Mountains region in east-central Arizona, highlighting trout streams featured in Clarkson and Wilson (1995).
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mean water depth. They found all those explanatory variables
to be significant except for mean water depth, and concluded
that ungulate bank damage was negatively associated with
trout biomass.

We could not recreate their statistical results exactly because
they did not report data for each station (their basic sampling
unit) in their 1991 report. However, they did provide mean
values for each reach (n ¼ 75), which allowed us to test the
potential bias of excluding geology from their analyses. We
repeated their basic technique of stepwise regression using all
variables that were significant in their 1991 and 1995 ‘‘best’’
models and applying the same transformations that they
reported in their 1995 paper. We do not recommend this
statistical approach as a way to explain trout biomass; the
objective of this reanalysis was simply to test how the results
would change if a geology variable had been included in their
analysis. To that end, we calculated the percentage of each
stream reach that flowed through felsic Mount Baldy forma-
tions using our composite geology map (Fig. 1). Our specifica-
tion of this new variable, BaldyPercent, reflects the fact that
the attributes of streams originating in Mount Baldy forma-
tions become more like purely mafic streams as they flow
downstream into mafic terrain (Long et al. 2003). We ran the
stepwise regression procedure using SAS PROC REG (SAS
Institute, Cary, NC) with variable selection based on a threshold
significance level of 0.05. We selected collinearity diagnostics
including the variance inflation factor for each parameter and
collinearity statistics with (COLLIN option) and without the
intercept (COLLINOINT). We ran this procedure both exclud-
ing and including BaldyPercent from the list of possible
independent variables. By examining the residuals, we found
that there were no obvious violations of the assumptions of
linear regression. We regressed ungulate bank damage rating on
the residuals to test whether it was an important predictor after
accounting for the variables selected through the stepwise
regression procedure. This general approach of testing the
effect of presumed anthropogenic factors after accounting for
natural factors has been recommended for analyzing landscapes
where anthropomorphic and natural factors are correlated
(Allan 2004).

We also calculated Spearman’s rank correlation coefficients
between BaldyPercent and the variables that Clarkson and
Wilson had used in their stepwise regression to identify
variables that we would expect to be influenced by the inclusion
or exclusion of BaldyPercent. This nonparametric rank corre-
lation is appropriate because BaldyPercent has a strongly non-

normal distribution in this dataset; only 14 of the 75 stream
reaches represented mixtures of felsic and mafic geology. Based
on the sample size of 75 in the analysis, a correlation larger in
magnitude than 0.25 would be considered significant based on
the single-test P values with a ¼ 0.05 (Van Sickle 2003).
However, we did not provide P values for the correlation co-
efficients because dependence among variables makes single-
test P values difficult to interpret (Van Sickle 2003). Instead, we
applied the interpretations suggested by Franzblau (1958), in
which a correlation coefficient r . 0.8 is ‘‘high,’’ r between 0.6
and 0.8 is ‘‘marked,’’ r between 0.4 and 0.6 is ‘‘moderate,’’ and
r between 0.2 and 0.4 is ‘‘low.’’

We also conducted simple correlation and regression anal-
ysis using data solely from Pacheta Creek (identified in Fig. 1),
as a way of controlling for variation across streams. We chose
this stream because it had the most sampled reaches (n ¼ 13) of
any in the dataset, and those reaches traversed a geologic
gradient from the slopes of Mount Baldy onto the flat-lying
mafic plateaus. We calculated Spearman’s rank correlation
coefficients between trout biomass (g �m�2) and BaldyPercent,
and between trout biomass and ungulate bank damage rating.
We used a nonparametric statistic because both BaldyPercent
and trout biomass had strongly skewed distributions. Because
we were comparing a family of 2 simultaneous tests, we
considered a correlation to be significantly different from zero
if its P value was less than 0.025 (for a familywise significance
level a ¼ 0.05 with a Bonferroni correction) (Van Sickle 2003).
To account for both variables simultaneously, we regressed the
square root of trout biomass (g �m�2) onto BaldyPercent and
ungulate bank damage rating. We applied the square root
transformation to reduce heteroskedasticity in the data.

RESULTS

When BaldyPercent was not allowed to enter the model, the
stepwise regression procedure fitted a model (R2 ¼ 0.593,
P , 0.0001) with 4 variables that Clarkson and Wilson
(1995) had included in their ‘‘best’’ model: square root of
channel width, natural logarithm of riparian area width, mean
water depth, and ungulate bank damage rating (Table 1). All
predictor variables in our model were significant, whereas
Clarkson and Wilson (1995) had not found mean water depth
to be significant. When BaldyPercent was allowed to enter the
model, the stepwise regression procedure fitted a model
(R2 ¼ 0.689, P , 0.0001) containing it along with mean
depth, natural logarithm of riparian area width, natural
logarithm of elevation, and square root of channel width (Table
2). This procedure did not select bank ungulate damage rating,
indicating that it was not an important predictor of trout
biomass after the other variables had been accounted for in the
model. There was no significant relationship (Fig. 2;
P ¼ 0.290) between bank ungulate damage rating and the
residual variation in trout biomass after accounting for the
physical variables in Table 2. Rank correlation coefficients
(Table 3) show that BaldyPercent was markedly correlated
with elevation; it was moderately correlated with riparian
area width, channel width, and bank angle, and it was
weakly correlated with ungulate bank damage rating, pool
width, and gravel.

Table 1. Parameter estimates for the predictor variables in the multiple
linear regression model for square root of trout biomass (g �m�2) when
the geology variable BaldyPercent was excluded from the analysis.

Variable

Parameter

estimate

Standard

error t Value Pr . jtj

Variance

inflation

factor

Intercept 0.185 0.639 0.290 0.77 0

Square root of channel width �0.508 0.136 �3.75 0.0004 1.11

Loge of riparian area width 0.910 0.142 6.39 , 0.0001 1.18

Mean water depth �11.2 2.07 �5.39 , 0.0001 1.20

Ungulate bank damage rating 0.370 0.137 2.71 0.0084 1.12
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For the subset of 13 reaches on Pacheta Creek, rank
correlation analyses indicated that trout biomass was corre-
lated with BaldyPercent (r ¼ 0.79, P ¼ 0.0013) (Fig. 3). Trout
biomass was not significantly correlated with ungulate bank
damage rating (r ¼ �0.52, P ¼ 0.076), although the moder-
ately large negative coefficient suggests that more bank
damage, i.e., a lower ungulate bank damage rating, was weakly
associated with greater trout biomass (Fig. 4). In other words,
the data suggested that headwater reaches of this creek,
flowing through the Mount Baldy formations, had higher
biomass than downstream reaches in the mafic plateaus, despite
the fact that the upstream reaches were rated as having more
ungulate damage to streambanks. The linear regression of the
square root of trout biomass onto both predictor variables
was significant (R2 ¼ 0.483, P ¼ 0.037), but the parameter
estimates were not (Table 4). Such a result can be indicative
of collinearity, although the variance inflation factors (Table
4) indicated only a modest dependency between the 2 pre-
dictor variables.

DISCUSSION

We do not interpret the results of our reanalyses as providing
evidence that ungulate impacts are not an important influence

on trout populations and habitat, but rather we suggest that the
conclusions reached in the earlier study are unreliable for
several reasons. First, we consider that causal relationships
between land use and habitat quality often go in 2 directions; in
this case, land managers might well have decided to restrict
livestock grazing on particular streams because they were
unusually productive for trout. Such relationships are likely in
geologically diverse regions, because geologically distinctive
areas are frequently reserved for special management. On
Mount Baldy, the upper watershed of the West Fork of the
Little Colorado River is a federal wilderness area, and many of
the headwater reaches on the White Mountain Apache Reser-
vation are included in wilderness or other special manage-
ment areas.

Lurking Variables
A central problem in the Clarkson and Wilson study was the
failure to account for important variables in the study design

Table 2. Parameter estimates for the predictor variables in the multiple
linear regression model for square root of trout biomass (g �m�2) when
the geology variable BaldyPercent was included in the analysis.

Variable

Parameter

estimate

Standard

error t Value Pr . jtj

Variance

inflation

factor

Intercept 31.6 10.6 3.00 0.0038 0

BaldyPercent 0.0159 0.00298 5.34 , 0.0001 3.58

Mean water depth �13.0 1.87 �6.96 , 0.0001 1.27

Loge of riparian area width 0.678 0.134 5.05 , 0.0001 1.36

Loge of mean reach elevation �3.87 1.33 �2.91 0.0048 3.09

Square root of channel width �0.330 0.139 �2.37 0.0204 1.50

Figure 2. Scatterplot showing the lack of a relationship between
ungulate bank damage rating and the remaining variation (residuals) in
the square root of trout biomass (g �m�2) after accounting for the
landscape and channel morphology variables in Table 2.

Table 3. Spearman’s rank correlation coefficients (q) between Baldy-
Percent and variables that Clarkson and Wilson used in their stepwise
regression procedure (n ¼ 75).

Parameter

Spearman’s

rank correlation

coefficient (q)

Interpretation

following

Franzblau (1958)

Elevation 0.821 High

Bank angle �0.593 Moderate

Trout biomass 0.531 Moderate

Channel width �0.466 Moderate

Riparian area width 0.462 Moderate

Ungulate bank damage rating 0.364 Low

Gravel 0.364 Low

Pool width �0.317 Low

Gradient �0.189 Negligible

Channel type 2 (2%–6% gradient) �0.186 Negligible

Water width �0.181 Negligible

Water depth 0.178 Negligible

Sand 0.134 Negligible

Canopy cover �0.067 Negligible

Channel type 1 (. 6% gradient) �0.037 Negligible

Figure 3. Scatterplot of trout biomass (g �m�2) and BaldyPercent (the
proportion of the stream reach that flowed through felsic formations)
for 13 reaches along Pacheta Creek.
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and analysis. Because of its broad influence on stream attrib-
utes, geology could account for many ecological factors—
including substrate texture, water chemistry, topography,
temperature, and baseflow—that influence trout habitat. ‘‘Illu-
sory correlation’’ refers to when 2 or more variables covary
because of the effects of a third ‘‘lurking’’ variable (Vogt 1999).
Because geology was correlated with many of the variables that
Clarkson and Wilson included in their analysis, one would
suspect that the associations they reported could reflect an
illusory correlation induced by a lurking geology variable.
Clarkson and Wilson (1995) themselves suggested that ‘‘phys-
ical or chemical factors related to elevation’’ might have been
strongly influencing trout biomass (p. 610). However, they did
not consider the likelihood that ignoring those factors might
alter the relationship between ungulate bank damage rating and
trout biomass. Our results suggest that excluding geology from
the original analysis made ungulate bank damage rating appear
to be an important predictor of trout biomass.

Landscape analyses need to seek a firm understanding of the
ecological relationships between the predictor and the de-
pendent variables (Li and Wu 2004). Such thinking should
help to drop variables that are ecologically unimportant or
redundant, to add missing variables that are ecologically
important, and to design appropriate confirmatory analyses.
Biologists might complain that geologists have not made it easy
to interpret the ecological significance of geologic variation.
Indeed, Merrill’s work in the White Mountains was followed by
more detailed petrologic studies (Nealey 1989; Condit et al.
1999) that used different terminology and generated even more
complex maps. Volcanic rocks are particularly hard to classify
definitively without microscopic or chemical analyses As a re-
sult, biologists face practical challenges in even recognizing
geological variation, let alone accounting for it in their
analyses. For instance, the GAWS handbook (US Forest Service
1985), which guided the data collection in Clarkson and
Wilson’s study, required identification of geological landform
substrate, but the sampling form lumped felsic and mafic
volcanic rocks within a single category of igneous flows. Such
practical considerations may explain why Clarkson and Wilson
(1995) dismissed geologic variation despite the fact that they
cited Merrill’s research in describing their study area.

Another variable besides geology that was missing from
their analysis was species composition. Brook trout (Salvelinus

fontinalis) inhabited 4 of the 5 Mount Baldy stream reaches
identified as ‘‘lightly grazed,’’ but they occurred in only 1 of the
other streams (Clarkson and Wilson 1995). Because some
species may show an affinity to particular geologic units or
elevation ranges, differences in trout biomass across geologic
types can be confounded with species composition. For
example, Stichert et al. (2001) found that brook trout were
notably abundant in limestone-derived high-elevation meadow
systems in Wyoming. Furthermore, different species may
demonstrate different associations with habitat attributes and
grazing impacts. Some models of trout-habitat relationships
have failed when applied to brook trout (Shepard 1989; Modde
et al. 1991), although another study found that biomass
fluctuations for brook trout were greater than for most other
species (Platts and Nelson 1988). Those authors interpreted
their findings as indicators that brook trout were a particularly
unreliable indicator of grazing impacts. Consequently, species
composition is another variable that should be controlled when
trying to unravel relationships among trout abundance, land
use, and landscape variation.

Confounded Relationships and Unrepresentative Sampling
Even when an analysis accounts for suspected lurking variables,
confounding of variables complicates attempts to determine
causal relationships. Depicting the ecological setting of the
dataset reveals how a strong confounding between geology and
land use was embedded in this dataset. In their 1991 report,
Clarkson and Wilson characterized the following streams as
‘‘lightly grazed or ungrazed’’: Ord Creek, upper Pacheta Creek,
upper Reservation Creek, upper West Fork of the Black River,
and upper East Fork of the Little Colorado River. All 5 reaches
flow through the felsic and steeply sloped summit of Mount
Baldy (Fig. 1). Stinky Creek was the sixth stream in their study
that flows through Mount Baldy formations; although they
did not mention it in their list of lightly grazed streams, it had
the highest overall mean trout biomass of all the streams
they examined.

Because geologic composition, elevation, and grazing are
strongly associated in this landscape, the intercorrelation
among variables such as BaldyPercent, natural log of eleva-
tion, and ungulate bank damage rating is not surprising. As
Clarkson and Wilson pointed out in their 1991 report, col-
linearity among independent variables is not necessarily a prob-
lem if the objective of regression is merely to make predictions.
It is for such situations, which are common in economet-
rics, that techniques such as ridge regression were developed
(Belsley et al. 1980). However, collinearity creates major

Figure 4. Scatterplot of the square root of trout biomass (g �m�2) and
ungulate bank damage rating for 13 reaches along Pacheta Creek. A bank
damage rating of 4 represented little or no observed bank damage by
ungulates; lower values represented more observed damage.

Table 4. Parameter estimates for BaldyPercent and ungulate bank
damage rating in the multiple linear regression model for the square
root of trout biomass (g/m2) based on data from the 13 reaches on
Pacheta Creek.

Variable

Parameter

estimate

Standard

error t Value Pr . jtj

Variance

inflation

factor

Intercept 2.96 5.10 0.58 0.575 0

BaldyPercent 0.0263 0.0124 2.12 0.060 1.53

Ungulate bank damage rating �0.649 1.24 �0.52 0.612 1.53
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problems if the objective is to explain relationships between
variables (Yu et al. 1999). A stepwise regression procedure may
choose only one of several intercorrelated variables to enter
a model. Although the failure to include the other variables
may simply be an artifact of the dataset, such a result can
give the impression that the excluded variables are not ecolog-
ically important.

Because geology and elevation are inherent properties of the
stream reaches, it is appropriate to account for their influence
before considering anthropogenic influences. Our results sug-
gested that when we controlled for those parameters, ungulate
bank damage rating did not have a strong relationship with
trout biomass across the dataset. In the subset of data from
Pacheta Creek, ungulate bank damage rating appeared to have
a relationship to trout biomass that was opposite the one
postulated by Clarkson and Wilson (Fig. 3). When both
BaldyPercent and ungulate bank damage rating were included
in a regression model, ungulate bank damage rating had a weak
relationship with the square root of trout biomass. These
results suggest that geologic variation may have greater in-
fluence on trout biomass than does ungulate bank damage
rating within this dataset, but they cannot refute the broader
hypothesis that ungulate grazing has negative impacts on trout.
For datasets in which collinearity poses problems and the
objective of analysis is to confirm a causal relationship,
statistical tools such as structural equation modeling may offer
a more fruitful approach (Shipley 2000).

However, any statistical analysis of this particular dataset
could be prone to yielding misleading results because of
confounding and the fact that samples were not collected in
a representative manner with respect to grazing influences.
Clarkson and Wilson (1995) explained that the steering
committee for the study had decided to add 3 Mount Baldy
streams because they were considered ‘‘relatively pristine,’’ i.e.,
they had been ‘‘ungrazed or lightly grazed by cattle.’’ By
purposefully selecting those streams for inclusion, the study
lacked the benefit of randomization to impart any confidence
that those streams were representative of ‘‘ungrazed or lightly
grazed’’ streams throughout the study area. In actuality, these
additional streams were special not only because they appeared
to have less use by cows, but also because they flowed through
different types of land than almost all of the other streams.
Although managers should seek out high quality habitats as
potential references, they cannot presume that those references
are valid without evidence that there are no fundamental
differences between them and the other reaches to which they
are being compared. For this reason, it is misleading to apply
statistical analyses to samples that were not collected in
a representative manner.

Interpreting Exploratory Data Analyses
Another problem is that Clarkson and Wilson made implica-
tions about livestock grazing based upon highly exploratory
data analyses. Methods such as stepwise regression are de-
signed to draw out statistical significance in the absence of
a priori hypotheses; consequently, they are prone to finding
spurious correlations that may be misleading (Anderson et al.
2001). A ‘‘spurious’’ correlation can be defined narrowly as one
that is essentially an artifact of the way the data are handled

(Vogt 1999); for example, attempts to search for statistical
significance among a large number of variables will often yield
‘‘statistically significant’’ results where none exist. This type of
problem would include the failure to adjust significance levels
when making a family of comparisons. Attempts to interpret
tables of bivariate correlations between stream and landscape
attributes frequently overstate statistical significance based
upon single-test P values because they fail to account for
dependence among the estimated correlations (Van Sickle
2003). This problem was present in the results of both Clarkson
and Wilson (1995) and in a more recent study based on similar
data (Robinson et al. 2004). Searching for ‘‘interesting’’ or
significant correlations is an instinctive practice when confront-
ing the large quantities of spatially distributed monitoring data
that agencies commonly assemble. Because of the potential for
spurious correlations, such analyses need to be regarded as
exploratory, not as evidence to confirm a hypothesis or support
a major management policy.

The most egregious example of Clarkson and Wilson’s
misrepresentation of an exploratory data analysis appeared in
their discussion section. They reported that ‘‘the Kruskall [sic]–
Wallis nonparametric test for mean comparisons indicated that
the differences in mean rank of trout standing crops in grazed
and ungrazed meadow reaches were highly significant
(P , 0.001)’’ (p. 609). They explained that their ‘‘ungrazed
meadow reaches’’ were found in upper Ord Creek, Pacheta
Creek, and Reservation Creek, the Mount Baldy streams that
had been purposefully selected for study (Clarkson and Wilson
1995). Consequently, presenting this test as a comparison
between ‘‘grazed’’ and ‘‘ungrazed’’ meadow reaches contra-
vened principles of hypothesis testing: the 2 populations being
compared were not representative of grazed and ungrazed
reaches, and the test did not account for any other explanatory
variables, such as geology, that could explain differences in
biomass. Presenting this comparison went far beyond their
stated objective of testing the predictive value of the GAWS
habitat assessment methodology.

MANAGEMENT IMPLICATIONS

Evaluating Influences of Ungulate Grazing on
Trout Habitat
Despite the exploratory nature and flawed analyses of Clarkson
and Wilson’s study, its conclusions have been used to influence
land management and conservation policies. Specifically,
GAWS reports from the early 1990s prepared by the Arizona
Game and Fish Department universally noted the low standing
crops in streams on the national forests relative to reaches on
the 3 Mount Baldy streams that were characterized as ‘‘lightly
grazed.’’ Such comparisons implied that the Mount Baldy
streams constituted an appropriate reference. Different authors
have interpreted the results of Clarkson and Wilson’s study to
condemn either livestock grazing in general, or heavy grazing in
particular. For example, a riparian ecosystems chapter in the
State of Arizona’s Comparative Environmental Risk Project
(Patten and Ohmart 1995) claimed that the Clarkson and
Wilson (1991) study showed that ‘‘streams were either un-
grazed, lightly grazed or heavily grazed, the last having sig-
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nificantly lower trout standing crop values than the first 2
categories of managed streams.’’ The Southwest Center
for Biological Diversity, an environmental organization op-
posed to grazing on public lands, dropped any qualifications
about grazing intensity in writing that the Clarkson and Wilson
(1991) study showed that ‘‘Apache trout populations in
ungrazed reaches were 10 times larger than those found in
grazed reaches’’ (Greenwald 2000). The organization repeated
this claim in their petition to list the Colorado River cutthroat
trout as an endangered species (Center for Biological Diversity
et al. 1999). In a peer-reviewed article, Rahel and Nibbelink
(1999) wrote, ‘‘In Arizona, Clarkson and Wilson (1995)
reported that standing stocks of trout in streams with low
gradients and suitable thermal conditions were more than twice
as high in ungrazed reaches compared with grazed reaches’’
(p. 49). All these citations refer to the grossly inappropriate
‘‘ungrazed’’ versus ‘‘grazed’’ comparison rather than the more
complex, albeit still flawed, multiple regression analysis. Read-
ers of journal articles rely upon the peer-review process to
ensure that published findings are reliable; however, these
examples of misinformation demonstrate the need for users to
critically evaluate the strength of evidence in a particular study,
how the study accounted for natural variation, and whether the
results can be extrapolated to their own ecological context.

Specific examples of channel incision and streambank alter-
ation by ungulates have been documented for trout streams in
the White Mountains (Neary and Medina 1996; Medina and
Long 2004). However, those examples as well as others at-
tributed to ‘‘unmanaged grazing’’ have not established an un-
equivocal relationship between managed livestock grazing and
diminished trout production across such a diverse landscape as
the White Mountains. Researchers at the Arizona Game and
Fish Department (Robinson et al. 2004) recently analyzed some
of the same GAWS survey data used by Clarkson and Wilson,
along with additional GAWS surveys, from a subset of 6 White
Mountains streams that flow only through mafic plateaus. They
did not find a significant relationship between ungulate bank
damage rating and Apache trout biomass or density, although
they also relied on exploratory correlation analyses. Moreover,
other studies have suggested that geology mediates the relation-
ship between ungulate influences and trout populations. For
example, sandy and gravelly riparian soils are often less vulner-
able to ungulate-induced bank erosion than are finer-textured
soils (Nelson et al. 1992; George et al. 2002). Furthermore,
Knapp et al. (1998) reported that grazing increased numbers of
golden trout in a felsic (granitic) meadow system by creating
more suitable spawning habitat. Both of these examples suggest
that trout habitat in the felsic, gravel-rich formations of Mount
Baldy might be less likely to exhibit negative impacts from
grazing than in more finely textured mafic plateaus.

Designing Research and Monitoring Studies
Efforts to understand the relationships between livestock
grazing and fish in the Southwest are confounded by longitu-
dinal (upstream–downstream) interactions and temporal dy-
namics, as well as by natural variation associated with geology
(Rinne 1999). Many variables used to evaluate stream habitat,
such as substrate quality, pool depths, and frequency of large
woody debris, are linked both to natural landscape variation

and to changes in land use (Hicks and Hall 2003; Medina et al.
2005). Consequently, attempts to use such variables as indica-
tors of ecosystem health without controlling for natural
variation run a serious risk of making erroneous inferences.
Because the influences of geology on fish habitat are complex,
analyses should not assume that relationships will follow
a predictable pattern across a diverse landscape. Instead,
studies need to stratify by landscape type and examine changes
through time due to treatments relative to controls in compa-
rable areas (Rinne 1999). Conducting temporal studies with
valid controls is particularly important for evaluating causal
relationships. The high cost of such studies may deter research-
ers and managers from designing experiments to fairly evaluate
the effects of grazing on fishes. However, researchers and
managers also need to consider the costs of attributing differ-
ences in habitat quality across a varied landscape to livestock
grazing or other land uses in the absence of confirmatory
studies.

Attempts to evaluate effects of livestock grazing should use
methodologies that yield reliable measures of impacts that are
ecologically meaningful to the species of concern. The GAWS
methodology evaluates both grazing and trampling impacts
through a single, qualitative rating of ungulate bank damage.
Consequently, it provides a less precise and objective measure
of ungulate impacts on trout habitat than do monitoring
approaches that quantitatively measure bank shearing and
trampling and separately measure other attributes that could
be affected by ungulates including protective cover, vegetative
composition, stubble height, woody species utilization, and
woody species regeneration (Cowley and Burton 2005; Medina
et al. 2005). Studies that use more reliable methodologies
should impart greater confidence that they have demonstrated
causal relationships rather than illusory correlations.

Making Conservation Policies
Clarkson and Wilson (1995) argued that ‘‘bank damage by
ungulates was the variable most readily affected by land
management practices and thus the most important variable
for managers to consider in recovery of Apache trout or
enhancement of trout populations in general’’ (emphasis ours;
p. 609). Their emphasis on livestock grazing could mislead
Apache trout conservation efforts by diverting attention from
other factors, such as wild ungulates, past road construction,
logging impacts, and introduction of exotic species, which have
been associated with declines in Apache trout populations (US
Fish and Wildlife Service 1983; Neary and Medina 1996;
Medina and Steed 2002). Because their analysis did not consider
those other impacts, their implication that grazing was the most
important land use factor was essentially a foregone conclusion.

Recognition that streams may be marginal because of
natural geologic and climatic conditions would promote more
efficient use of conservation resources. Streams in the mafic
areas may require far greater investment to create suitable trout
habitat because of less reliable baseflows, limited influxes of
gravels, and an abundance of nonnative streamside vegetation
associated with mafic areas (Medina and Steed 2002; Long
et al. 2003). This argument challenges the claim by Clarkson
and Wilson (1991) that, ‘‘trout streams in the White Mountains
area and others within the Gila Mountain Ecoregion in general,
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represent fisheries resources of unparalleled productive poten-
tial if habitat restoration is allowed to proceed’’ (p. 33). A
recent temporal study of several White Mountains streams in
mafic areas found that biomass was greater before than after
fencing to exclude livestock grazing (Robinson et al. 2004).
Noting that many sections of their study streams had gone dry
after fencing, the authors concluded that any positive effects on
Apache trout populations by excluding livestock were over-
shadowed by drought. Another study found that reaches on 3
mafic streams identified for recovery of Apache trout (Boggy,
Centerfire, and Wildcat Creeks, Fig. 2) repeatedly went dry
over a 7-year period, confounding efforts to determine relation-
ships between trout populations and ungulate impacts (Medina
and Steed 2002). These studies suggest that streams in purely
mafic areas of the White Mountains are often marginal, and
they demonstrate the need to prioritize high-quality habitats for
conservation of Apache trout.

Failure to account for geologic influences on habitat quality
tends to shift attention away from inherently higher-quality
streams. For example, an amendment to the Apache–Sitgreaves
National Forests Plan (US Forest Service 1989) called for
maintaining fines in riffle areas below 20% and a ‘‘Biotic
Condition Index’’ (based on the relative abundance of macro-
invertebrates associated with fine sediment) above a particular
threshold in Apache trout habitats. Such application of uniform
standards and policies to diverse landscapes may be common
(Rhodes et al. 1995). It has the effect of drawing attention to
marginal streams that lie close to the standards, while being
insensitive to possible degradation of high-quality streams that
remain above the standards. As another example of implied
uniformity, current standards for recovery of Apache trout
focus on the absolute number of populations and the total
length of occupied streams reaches (Ruiz and Novy 2000). Such
standards do not create an incentive to favor stream reaches
that have more stable base flows and can support larger trout
populations, even though viability of threatened trout popula-
tions is likely tied to the absolute numbers of spawning fish
(Rieman and Allendorf 2001). If the standards were modified to
account for natural variation in habitat quality, then recovery
efforts might give greater weight to extending the range of pure
Apache trout within drainages on Mount Baldy. Instead,
recovery efforts have emphasized introducing the species into
predominantly mafic areas (Ruiz and Novy 2000).

Geologic variation can have important and complex influ-
ences on the quality of habitat for fish populations. Managers
and researchers need to recognize that failure to properly
account for such variation could lead to improper implication
of land use and inefficient conservation policies. Such failures
could also undermine conservation efforts by fostering resent-
ment and cynicism among local people who have long recog-
nized the importance of local variations in their ecosystems.
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