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Abstract
Predicting the distribution of native stream fishes is fundamental to the management and conservation of many

species. Modeling species distributions often consists of quantifying relationships between species occurrence and
abundance data at known locations with environmental data at those locations. However, it is well documented that
native stream fish distributions can be altered as a result of asymmetric interactions between dominant exotic and
subordinate native species. For example, the naturalized exotic Brown Trout Salmo trutta has been identified as a
threat to native Brook Trout Salvelinus fontinalis in the eastern United States. To evaluate large-scale patterns of
co-occurrence and to quantify the potential effects of Brown Trout presence on Brook Trout occupancy, we used
data from 624 stream sites to fit two-species occupancy models. These models assumed that asymmetric interactions
occurred between the two species. In addition, we examined natural and anthropogenic landscape characteristics we
hypothesized would be important predictors of occurrence of both species. Estimated occupancy for Brook Trout,
from a co-occurrence model with no landscape covariates, at sites with Brown Trout present was substantially lower
than sites where Brown Trout were absent. We also observed opposing patterns for Brook and Brown Trout occurrence
in relation to percentage forest, impervious surface, and agriculture within the network catchment. Our results are
consistent with other studies and suggest that alterations to the landscape, and specifically the transition from a
forested catchment to one that contains impervious surface or agriculture, reduces the occurrence probability of
wild Brook Trout. Our results, however, also suggest that the presence of Brown Trout results in lower occurrence
probability of Brook Trout over a range of anthropogenic landscape characteristics, compared with streams where
Brown Trout were absent.
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354 WAGNER ET AL.

Attempting to quantify and understand abiotic and biotic
factors influencing the distribution of native stream fish species
across the landscape is a high priority for fisheries ecologists
and managers. One of the primary classes of models that relate
information about species occurrence and abundance data at
known locations with environmental data at those locations are
species distribution models (Elith and Leathwick 2009). This
class of models is commonly used to make inferences about the
current status of fish species, in addition to making inferences
about potential changes in distribution under forecasted climate
and land use change scenarios (Elith and Leathwick 2009; Bond
et al. 2011; Wenger et al. 2011). Although species distribution
models have proven very useful, there remain challenges in their
application. One challenge in particular is accounting for biotic
interactions, including competition and predation, when predict-
ing the distribution of a species (Elith and Leathwick 2009). It
is widely accepted that biotic interactions can play an important
role in structuring stream fish communities (Fausch and White
1981; Gilliam and Fraser 2001): interactions that often result
in one species having a lower occurrence probability at stream
sites where a competitor or predator is present than at sites
where the competitor or predator is absent. To date, however,
stream fish species distribution models rarely explicitly account
for co-occurrence patterns between species.

The use of detection–nondetection (i.e., presence–absence
data) data are often used to develop stream fish species distri-
bution models largely because presence–absence data are more
readily available over large spatial extents than catch per ef-
fort or abundance estimates and because site occupancy is, in
general, a useful indicator of population status (Royle et al.
2005). Although some studies have examined co-occurrence
patterns among stream fish species (Peres-Neto 2004; de la
Hoz and Budy 2005; Hoeinghaus et al. 2007), most studies
that use presence–absence data fail to account for the fact that
detectability of most species is imperfect. Species distribution
models that use presence–absence data should, if possible, ac-
count for the fact that a species is not always detected where
it occurs (MacKenzie et al. 2002). Until recently, this imper-
fect detectability further complicated the ability to elucidate
patterns in co-occurrence while simultaneously examining the
effects of additional covariates that were hypothesized to be
important factors for predicting occurrence (e.g., land use and
cover characteristics). A new parameterization of a model for es-
timating co-occurrence was recently developed by Waddle et al.
(2010) that addressed these complications, providing a pow-
erful approach for species distribution modeling that accounts
for co-occurrence patterns. The model specifically addresses a
situation where asymmetric interactions are expected to be im-
portant, i.e., where the presence of one species (the “dominant”
species) is expected to affect the occupancy of another species
(the “subordinate” species), but the subordinate species occur-
rence is not expected to affect the occurrence of the dominant
species. This situation is likely to occur in freshwater stream
fish communities, especially in the presence of invasive or nat-

uralized exotic species. For instance, the replacement of na-
tive Cutthroat Trout Oncorhynchus clarkii by nonnative Brook
Trout Salvelinus fontinalis in the western United States and
the reduction or loss of many native fish species in the southern
hemisphere by Rainbow Trout Oncorhynchus mykiss and Brown
Trout Salmo trutta are largely due to asymmetric interactions be-
tween dominant exotics and subordinate natives (Peterson et al.
2004; Young et al. 2010). These potential asymmetric interac-
tions are not only limited to lotic systems. Sharma et al. (2009)
predicted that nearly 9,700 Lake Trout Salvelinus namaycush
populations in Canada may be threatened by the potential range
expansion of invasive Smallmouth Bass Micropterus dolomieu
by 2100.

In the United States, naturalized Brown Trout have been
identified as a threat to native Brook Trout (hereafter referred to
as Brook Trout) populations (EBTJV 2008). Although the exact
mechanisms are unclear, the replacement of Brook Trout by
Brown Trout is likely a result of asymmetric interactions (Waters
1999). Accordingly, research addressing interactions between
Brook Trout and naturalized Brown Trout has received much
attention (e.g., Fausch and White 1981; DeWald and Wilzbach
1992; Zimmerman and Vondracek 2007). The results of these
studies suggest that Brook Trout and Brown Trout fulfill similar
niches (Zimmerman and Vondracek 2007) and that Brown Trout
often retain a competitive advantage over Brook Trout (Fausch
and White 1981; DeWald and Wilzbach 1992). Because of these
asymmetric interactions, we assumed that Brown Trout were
dominant and Brook Trout subordinate under most conditions
(Fausch and White 1981; DeWald and Wilzbach 1992). As such,
we predicted that the occurrence probability of Brook Trout
would be less at sites where Brown Trout were present when
compared with sites where Brown Trout were absent.

In addition to interactions with Brown Trout, changes in
habitat conditions have been implicated in the decline of Brook
Trout populations and in the replacement of Brook Trout popu-
lations by Brown Trout (Waters 1983; Krueger and May 1991).
Therefore, we also predicted that natural and anthropogenic
landscape characteristics would be important predictors of the
occurrence of both species. Modeling both the effect of Brown
Trout occurrence and landscape characteristics on Brook Trout
occupancy is important because failing to account for the effect
of Brown Trout occupancy on Brook Trout occurrence could
result in misleading inferences related to the effects of changes
in land use and cover alone on Brook Trout occupancy.

It has been demonstrated that even moderate increases in
catchment urbanization and agriculture can impair stream fish
communities. In particular, impervious surface within the stream
catchment can lead to a decrease in occurrence of many species
(Wenger et al. 2008). This effect is particularly evident where
changes to thermal regimes and hydrology reduce the ability of
systems to support coldwater species. For example, Wang et al.
(2003) found that low levels of urban development (between
6% and 11%) could impair coldwater trout streams in Min-
nesota and Wisconsin. Road crossings have also been shown to
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ASYMMETRIC INTERACTIONS BETWEEN BROWN AND BROOK TROUT 355

negatively impact Brook Trout populations (Pépino et al. 2012).
In addition, agricultural activities within catchments can impair
streams through a variety of mechanisms (Allan et al. 1997);
Brook Trout were found less often when agricultural land cover
exceeded 9.2% of the watershed area and were very unlikely
when it was above 35% (Utz et al. 2010). Therefore, we ex-
amined several landscape characteristics for modeling Brook
and Brown Trout occurrence that represented impacts due to
increased anthropogenic presence within the catchment.

The objective of this study was to model the occurrence of
Brook Trout at sites with and without Brown Trout, under the
assumption that within the Brook Trout’s native range, asym-
metric interactions occur between the two species. To the best
of our knowledge, no study has evaluated large-scale patterns of
co-occurrence to quantify the potential effects of Brown Trout
presence on Brook Trout occupancy. Much of the research on
Brook and Brown Trout interactions has been conducted in lab-
oratory studies, in a single stream, or in a subset of streams.

METHODS
Fish surveys.—Occurrence data collected from 2007 to 2011

for both wild Brook and Brown Trout were obtained from
the Pennsylvania Fish and Boat Commission (PFBC). Data
for Rainbow Trout were not included in the analysis be-
cause wild Rainbow Trout populations are rare in Pennsylvania
(Kocovsky and Carline 2005; PFBC, unpublished data). In an
effort to ensure that the stream sites we included in the analysis
could support trout and, specifically, could support Brook Trout,
we screened sites using the following criteria:

1. We selected stream sites where Brook or Brown Trout were
sampled by the PFBC over the 5-year time period. This crite-

rion was used to ensure that we included only “trout streams”
(e.g., we excluded streams that potentially exceeded thermal
tolerance of Brook or Brown Trout or that were heavily im-
pacted by acid mine drainage, etc.).

2. Because Brook Trout are typically found in smaller headwa-
ter stream systems in Pennsylvania, we restricted our analysis
to streams located in network catchments less than 1,000 km2

(i.e., we wanted to exclude larger watersheds where Brook
Trout would not be found regardless of the presence of Brown
Trout). This value was chosen based on the 99% quantile for
network catchment areas where Brook Trout were present
(J. T. Deweber, unpublished data).

The resulting sample of stream reaches (reaches delineated by
the National Hydrography Dataset Plus [NHDPlus]; USEPA and
USGS 2005) was located throughout the state of Pennsylvania
(Figure 1), and no two sample sites were located within the same
stream reach. All fish sampling used standard electrofishing
procedures established by the PFBC, including multiple pass
removal and mark–recapture estimates of Brook and Brown
Trout abundance as well as single pass electrofishing for the
determination of the presence of wild trout. Electrofishing for
abundance estimation was typically conducted over a standard
300-m reach, whereas electrofishing to determine presence or
absence of wild trout was most often conducted over a 100-m
reach.

Because it is uncommon for a stream site to be electrofished
multiple times within a year, we used annual surveys at each site,
over the 5-year time period, as replicate surveys for occupancy
models. We made the assumption that this duration of time
satisfied the assumption of site-specific closure in occupancy
state, given the life histories of these two species. Both Brook
and Brown Trout rarely live beyond age 4 in small Pennsylvania

FIGURE 1. Map of Pennsylvania showing the locations of stream reach line segments of sample sites where Brook and Brown Trout were sampled.
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356 WAGNER ET AL.

streams (McFadden and Cooper 1962; Cooper 1967) and are
largely sedentary, although some individuals may move long
distances especially during spawning season (Meyers et al.
1992; Roghair and Dolloff 2005; Mollenhauer 2011). To eval-
uate the sensitivity of our results to this assumption of closure
in occupancy state we also performed the analysis using a
3-year time period (2009–2011). Inferences based on the 3-year
analysis did not differ from the 5-year analysis; therefore, we
present the analysis using the 5-year time period. If the closure
assumption was violated, we recognize that this would increase
uncertainty in detectability estimates (Wenger et al. 2008).

A total of 624 stream sites were included in the analysis (Fig-
ure 1). Of the 624 sites, Brook and Brown Trout were detected
at 394 and 416 sites, respectively. Brook Trout were detected
during surveys only once at 337 sites, twice at 44 sites, three
times at 9 sites, and four times at 4 sites. Brown Trout were
detected during surveys only once at 360 sites, twice at 45 sites,
three times at 8 sites, and four times at 3 sites. Brook and Brown
Trout were found in sympatry at 188 sites.

Landscape covariates.—We used the 1:100,000 NHDPlus
stream reaches as the base spatial unit for data management and
analysis. Landscape covariates were summarized to the scale
of the upstream network catchment for each stream reach. The
network catchment was defined as the catchment of the entire
river network upstream of each NHDPlus reach. We summa-
rized covariates at only the network catchment scale rather than
at the local (i.e., the land area draining directly to a reach) and
network catchment scales because local and network landscape
summaries were highly correlated for our relatively small stream
systems. In addition, we were particularly interested in cumula-
tive upstream impacts on trout occupancy. We included natural
and anthropogenic landscape covariates we hypothesized to in-
fluence occupancy of Brook and Brown Trout (Table 1). We
predicted Brook Trout occupancy would be positively corre-
lated to both forest cover and elevation. For Brown Trout, we
predicted a weak positive or negative relationship with both
forest cover and elevation, because Brown Trout occur over a
wider elevation range and percentage forest cover gradient in
Pennsylvania. We predicted, for streams in Pennsylvania, that
all anthropogenic landscape characteristics would be negatively

related to Brook Trout occurrence, while the effect on Brown
Trout would be negative, but of lesser magnitude. As expected,
many of these landscape metrics were correlated, an issue that
was addressed during model specification.

Model specification.—We fitted two-species occupancy
models to examine occupancy of Brook and Brown Trout, under
the assumption that occurrence of Brown Trout affected the oc-
currence and detection probability of Brook Trout (i.e., the inter-
actions between Brook and Brown Trout are asymmetric). The
model is described in detail by Waddle et al. (2010). Briefly, the
model estimated occupancy (ψ) and detection probability (p) of
Brook Trout and Brown Trout simultaneously. While both occu-
pancy and detection probability of Brook Trout were dependent
on the presence or absence of Brown Trout, the occupancy and
detection probabilities of Brown Trout were not dependent on
the presence or absence of Brook Trout. Because we hypoth-
esized that the occurrence of Brook Trout would not only be
a function of whether or not Brown Trout were present, we
also modeled Brook Trout occupancy as a function of landscape
characteristics (Table 1). In addition, we modeled occupancy of
Brown Trout as a function of the same landscape characteristics.
Estimating the effects of covariates was achieved by expressing
occurrence probabilities as linear functions of covariates using a
logit link function. We did not model detection probability as a
function of covariates because we did not predict that detection
would vary according to our landscape covariates. All landscape
covariates were transformed prior to analysis. Proportion data
were logit-transformed (e.g., percentage forest cover), continu-
ous variables were standardized (scaled to have zero mean and
unit variance; e.g., road density), and heavily skewed covariates
were loge transformed and grand-mean centered (e.g., network
percentage impervious surface).

Because many landscape covariates were correlated, we were
restricted to fitting models with either one or two covariates.
Thus, our model fitting processes included first fitting mod-
els with a single landscape covariate for Brook and Brown
Trout occupancy. The same covariate was included for each
species. Second, we fitted two covariate models, using covari-
ates that had a correlation coefficient (r) <0.60 (Esselman et al.
2011).

TABLE 1. Natural and anthropogenic landscape characteristics, including data source, used to predict occupancy of Brook and Brown Trout in Pennsylvania
streams. All metrics were summarized at the network catchment scale.

Landscape characteristic Mean SD Minimum Maximum Source

Catchment area (km2) 61.7 128.6 1.2 958.2 USEPA and USGS
2005

Mean elevation (m) 462.8 150.7 113.1 818.2 USGS 2006
Population density (number/km2) 30.4 57.0 0.26 481.5 NOAA 2010
Impervious surface (%) 1.2 2.5 0.0 30.6 USGS 2008
Road density (m/km2) 1,800.0 1,074.0 0.0 7,444.0 USCB 2000
Agriculture (%) 14.7 18.3 0.0 79.0 USGS 2008
Forest (%) 73.7 21.9 3.0 99.0 USGS 2008
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ASYMMETRIC INTERACTIONS BETWEEN BROWN AND BROOK TROUT 357

Bayesian estimation was used to make inferences about all
parameters. Noninformative priors were used and we ran three
parallel chains with different initial values to generate 50,000
samples from the posterior distributions for each analysis, af-
ter discarding the first 10,000 samples. We retained every 2nd
sample. We examined the Gelman–Rubin convergence statistic,
chain histories, and posterior density plots to assess conver-
gence. All analyses were performed using the programming
environment R and WinBUGS 1.4 (R Development Core Team
2011; Spiegelhalter et al. 2003; R2WinBUGS package; Sturtz
et al. 2005).

We used the deviance information criterion (DIC; Spiegelhal-
ter et al. 2002) as a measure of fit to evaluate our set of competing
hypotheses. To evaluate the top-ranked models predictive abili-
ties, we calculated a posterior distribution of receiver operating
characteristics area under the curve (AUC) following methods
outlined in Zipkin et al. (2012). The AUC value ranges from
0 to 1 and measures a model’s ability to correctly determine
which stream sites are occupied. We calculated AUC to evalu-
ate the top-ranked model’s ability to correctly predict locations
that were occupied by Brook Trout. A value of 0.5 indicates
that the model performs no better than a random guess, while
a value of 1.0 implies perfect prediction. Estimated parameters
were summarized by computing the posterior means and 80%
and 95% credible intervals (CIs).

RESULTS
Estimated occupancy (

�

ψ) for Brook Trout, from a co-
occurrence model with no landscape covariates (an uncondi-
tional model), at sites with Brown Trout present was substan-
tially lower (

�

ψ = 0.15; 95% CI = 0.01, 0.41) and had greater
uncertainty than sites where Brown Trout were absent (

�

ψ =
0.98; 95% CI = 0.93, 1.0). In addition, detection probability ( p̂)
was lower for Brook Trout in sites with Brown Trout present
( p̂ = 0.87; 95% CI = 0.79, 0.93) than sites without Brown
Trout ( p̂ = 0.99; 95% CI = 0.98, 1.0), but overall detection was
high under both conditions. Estimated occupancy and detection
probability for Brown Trout was 0.68 (95% CI = 0.64, 0.72) and
0.95 (95% CI = 0.92, 0.98), respectively (Figure 2). According
to this model, of the 624 sites sampled for this study, 422 (95%
CI = 406, 445) were estimated to be occupied by Brook Trout
and 427 (95% CI = 420, 438) by Brown Trout.

After including landscape-level covariates, the top-ranked
model based on DIC was a model that included percentage
catchment forest cover for both species (Table 2). This model
predicted an increase in Brook Trout occurrence with increasing
percentage forest cover, with very low occurrence probabilities
(<0.2) of Brook Trout at less than approximately 30% forest
and high occurrence probabilities (>0.80) at sites with greater
than 60% forest cover in the network catchment. Interestingly,
at intermediate ranges of forest cover in the network catchment,
from about 30–60% forest, Brook Trout occupancy was lower at
sites with Brown Trout present. For example, at 45% catchment

FIGURE 2. Estimated relationship between (A) network catchment percent-
age forest, (B) impervious surface, and (C) agriculture on Brook Trout occur-
rence in Pennsylvania streams with (large dashed black line) and without (solid
black line) Brown Trout present and Brown Trout occurrence (small dashed
line). The thick solid and dashed lines are posterior means and shaded regions
are 80% credible intervals. Relationships between occurrence and impervious
surface are depicted for network catchments with the average percentage agricul-
ture (14.7%) observed among study catchments, and the relationships between
percentage agriculture and occurrence are depicted for network catchments with
average percentage impervious surface (1.2%). Note the differences in x-axis
scales.

forest cover estimated occurrence probability for Brook Trout
with Brown Trout present was 0.43 (95% CI = 0.40, 0.46; 80%
CI = 0.41, 0.45); while estimated occupancy without Brown
Trout was 0.63 (95% CI = 0.54, 0.67; 80% CI = 0.59, 0.66;
Figure 2A). Based on this model, of the 624 sites sampled
for this study, 481 (95% CI = 461, 501) were estimated to
be occupied by Brook Trout and 426 (95% CI = 419, 435) by
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358 WAGNER ET AL.

TABLE 2. Comparison of models describing occupancy and detection of Brook Trout (with and without the presence of Brown Trout) and Brown Trout in
Pennsylvania streams. Models included covariates for Brook and Brown Trout occupancy; detection probability was left unconditional (see Methods). The “ + ”
or “–” sign following the covariate in parentheses indicates the direction of effect. Models are sorted from lowest to highest deviance information criterion (DIC).
The unconditional model does not include landscape covariates on occupancy. The posterior mean area under the receiver operating characteristics curve (AUC)
is provided for the two top-ranked models, with 95% credible intervals in parentheses.

Brook Trout occupancy covariates Brown Trout occupancy covariates
Number of
parameters DIC; AUC

percentage forest (+) percentage forest (–) 8 1,318.4; 0.93
(0.91, 0.95)

percentage impervious (–), percentage
agriculture (–)

percentage impervious (+), percentage
agriculture (+)

10 1,325.4; 0.94
(0.92, 0.95)

percentage agriculture (–), population
density (–)

percentage agriculture (+), population
density (+)

10 1,398.9

percentage impervious (–) percentage impervious (+) 8 1,450.5
mean elevation (+), population density (–) mean elevation (–), population density (+) 10 1,508.6
percentage agriculture (–), road density (–) percentage agriculture (+), road density (+) 10 1,527.5
percentage agriculture (–) percentage agriculture (+) 8 1,546.1
road density (–) road density (+) 8 1,558.3
mean elevation (+) mean elevation (–) 8 1,653.7
unconditional unconditional 6 1,741.8
population density (–) population density (+) 8 1,808.3
catchment area (–) catchment area (+) 8 2,038.0

Brown Trout. Brown Trout occupancy was negatively associated
with percentage forest cover, with probabilities of occurrence
near 1.0 at very low forest cover to <0.3 in heavily forested
catchments (Figure 2A).

The second-ranked model included percentage impervious
surface and percentage agriculture in the network catchment as
predictors of Brook and Brown Trout occupancy. Both covari-
ates were negatively associated with Brook Trout occupancy
and positively related to Brown Trout occupancy. The probabil-
ity of Brook Trout occurrence at sites with Brown Trout present
was lower than sites without Brown Trout present at levels of
impervious surface up to about 13%. For example, with 0%
impervious surface in the catchment (and with average percent-
age agriculture [14.7%] observed among study catchments), the
estimated probability of Brook Trout occupancy with Brown
Trout present was 0.73 (95% CI = 0.62, 0.81; 80% CI = 0.66,
0.78; Figure 2B), compared with 0.86 (95% CI = 0.79, 0.91;
80% CI = 0.82, 0.89) when Brown Trout were absent. There
was no additional effect of Brown Trout presence on Brook
Trout occurrence at high (>13%) levels of impervious surface
in the network catchment. The effect of percentage agriculture
was not as large when compared with percentage impervious
surface, with Brook Trout occupancy still >0.2 at over 70%
agriculture in the network catchment (Figure 2C). The effect
of Brown Trout presence was evident at levels of agriculture
>25% in the network catchment, with sites containing Brown
Trout having lower Brook Trout occurrence probabilities (Fig-
ure 2C). The effect of impervious surface and agriculture was

weak and positive for Brown Trout occurrence. Brown Trout
occurrence probabilities were relatively high over the range of
impervious surface and agriculture examined, increasing from
about 0.90 to 0.99 with increasing percentage impervious sur-
face and from about 0.56 to 0.94 with increasing percentage
agriculture (Figure 2C). The directions of effects for the other
covariates examined, in lower-ranked models, were also in op-
posing directions for Brook Trout versus Brown Trout (Table 2).
Based on AUC values, both top-ranked models performed well
at correctly predicting locations that were occupied by Brook
Trout (Table 2).

DISCUSSION
Examining patterns of co-occurrence of Brook and Brown

Trout at a landscape scale provided additional evidence that
interactions between Brook and Brown Trout may ultimately
contribute to Brown Trout replacing Brook Trout in many
stream systems. Although this is an observational study, it does
supports previous experimental and observational research on
the potential influence of Brown Trout presence on Brook Trout
occupancy. It is unclear whether Brown Trout have a higher oc-
currence probability in systems more influenced by agriculture
and urbanization because these systems are more suitable for
this species (this seems unlikely given their ecological traits)
or because propagule pressure is higher in disturbed habitat.
Brown Trout have been naturalized in Pennsylvania since the
late 1800s and are stocked in some Pennsylvania streams to
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ASYMMETRIC INTERACTIONS BETWEEN BROWN AND BROOK TROUT 359

create seasonal fisheries, primarily in waterways that become
too warm to support trout populations year-round. It is evident
from our analysis that Brown Trout have an additive impact
on Brook Trout in streams with marginally suitable habitat for
Brook Trout. Our results do not suggest, however, that Brook
Trout are negatively impacted in more natural habitats. This
may be due to the ability of Brook Trout to outcompete Brown
Trout in more natural habitats, or because propagule pressure
has been lower in these systems. Regardless of the exact
mechanism, whether it is related to competition, predation, or
other interactions, Brown Trout presence appears to be related
to a reduced probability of occurrence for Brook Trout in the
Pennsylvania streams we examined. In addition, Brown Trout
presence was associated with lower detection probability of
Brook Trout, which could be due to decreasing Brook Trout
densities as Brown Trout became established (e.g., see Waters
1983). However, there was large uncertainty associated with
this detection probability estimate.

The top-ranked model demonstrated that Brook Trout oc-
cupancy was greatest when percentage forest within the net-
work catchment was greater than 60%. This relationship was
expected and supports results by Hudy et al. (2008) who found
that 94% of “intact” (i.e., of the historical habitat, over 50%
supported self-sustaining populations) subwatersheds (12-digit
Hydrologic Unit Code) in the eastern United States had >68%
forested lands. Hudy et al. (2008) recommend that natural re-
source managers should consider values of percentage forest
cover below 65–70% as “indicating reduced status of a sub-
watershed.” For Pennsylvania streams, our results support this
recommendation: below 65–70% forest cover in the network
catchment, the probability of Brook Trout occurrence dropped
rapidly. Hudy et al. (2008) did not find the presence of exotic fish
species (including Brown Trout) within a subwatershed as an
important predictor of Brook Trout status. This was attributed to
various factors, including the scale of analysis (i.e., species-level
interactions may be difficult to detect at the subwatershed scale).
Our model, however, predicted Brook Trout occurrence at the
individual stream-reach level and supports the contention that
Brown Trout presence or absence should be considered as man-
agers attempt to classify the status of Brook Trout catchments.

The observed opposing patterns for Brook and Brown Trout
occurrence with percentage forest in the network catchment also
support the work by Kocovsky and Carline (2005). Kocovsky
and Carline (2005) found that allopatric Brown Trout popula-
tions occurred at lower elevations, while Brook Trout composed
a majority of the communities at higher elevations. In our anal-
ysis, percentage forest was correlated with elevation (r = 0.68)
and elevation had similar directional effects as percentage forest
cover (i.e., Brook Trout occurrence increased with increasing el-
evation, while Brown Trout occurrence decreased). Kocovsky
and Carline (2005) also suggested that base flow pH may af-
fect the distribution of Brook and Brown Trout in Pennsylvania
streams and hypothesized that pH may mediate interspecific
competitive interactions between these two species. Although

we did not have pH data for our study streams, it is possible that
pH and other abiotic factors (e.g., stream temperature) mediate
interactions between these two species. That said, the modeling
approach we used provides useful information on co-occurrence
patterns of these two species independent of the exact mecha-
nisms involved.

The second-ranked model demonstrated that Brook Trout oc-
currence declined with increasing percentage impervious sur-
face and agriculture in the network catchment, while Brown
Trout occurrence increased slightly with increases in both of
these landscape characteristics. For both covariates, the proba-
bility of Brook Trout occurrence was lower at sites where Brown
Trout were also present. This Brown Trout effect was most ap-
parent at low to midlevels of percentage impervious surface (up
to ∼10% impervious surface) and at a percentage agriculture
of greater than ∼30%. Although percentage impervious surface
was associated with a decrease in Brook Trout occurrence, we
did not observe extremely low probabilities of occurrence at
low levels (e.g., 5%) of impervious surface. This contrasts with
Stranko et al. (2008) and Wenger et al. (2008), who found very
low probabilities of occurrence for stream fishes at impervi-
ous surface levels greater than ∼4%. For Brook Trout, Stranko
et al. (2008) found they were almost never found in watersheds
where percentage impervious surface exceeded 4% in Mary-
land streams. The difference in the relationship between Brook
Trout occurrence and impervious surface between our study and
Stranko et al. (2008) may be partly attributed to the landscape
context of these two studies. Figure 2B shows the estimated re-
lationships between Brook Trout occupancy and percentage im-
pervious surface at relatively low percentage agriculture levels
(∼15%) within the network catchment. If we predict the effect
of percentage impervious surface on Brook Trout occupancy
at high (e.g., 80%) levels of agriculture within the catchment,
then Brook Trout occupancy drops more rapidly with increas-
ing impervious surface. For example, the probability of Brook
Trout occupancy at 5% impervious surface and 80% agricul-
ture is approximately 0.15 with Brown Trout present and 0.30
with Brown Trout absent, compared with >0.40 as illustrated
in Figure 2B. Thus, the spatial arrangement and composition of
different land use and cover in the catchment may interact, in
addition to the presence of potential competitors or predators,
in determining whether or not Brook Trout will be present. Our
results were more consistent with Wang et al. (2001), who found
that impervious surface levels between 8% and 12% represent
a threshold where urbanization could result in large changes
to stream conditions. For our study streams, we observed a
fairly steep decline in occurrence probability for Brook Trout at
around 5–10% impervious surface for network catchments with
average percentage agricultural land use.

In contrast to the relationship between percentage forest
and impervious surface, the effect of Brown Trout presence
on Brook Trout occurrence was apparent up to the highest lev-
els of percentage agriculture found in our study catchments. At
levels of agriculture less than ∼30%, Brook Trout occurrence
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probability was high regardless of Brown Trout presence. How-
ever, at agriculture levels of 30–80%, the probability of Brook
Trout occupancy was lower when Brown Trout were also
present. We did not observe steep declines in Brook Trout occu-
pancy with increasing percentage agriculture within the network
catchment, in fact, when Brown Trout were absent the probabil-
ity of Brook Trout occurrence at levels of agriculture >70% was
still >0.4. Hudy et al. (2008) found that 74% of subwatersheds
with extirpated populations had a value of percentage agricul-
ture in the subwatershed of >12%. Again, differences between
our study and Hudy et al. (2008) are likely partly due to the
spatial scale of analysis. In addition, the objectives between our
study and Hudy et al. (2008) were very different. We were in-
terested in quantifying the effect of Brown Trout presence, in
addition to landscape covariates, on Brook Trout occupancy in
Pennsylvania. Thus, we prescreened our study catchments to
ensure that they would support Brook Trout. This contrasts with
Hudy et al. (2008), who were interested in summarizing the sta-
tus of Brook Trout at the subwatershed scale for the entire native
range of Brook Trout in the eastern United States. This does,
however, highlight the fact that the scale of investigation should
match the objectives of the research and management goals.

The model predictions for the probability of occurrence of
Brown Trout increased with increasing percentage impervious
surface (Figure 2B) and percentage agriculture (Figure 2C).
These predictions are specific to stream reaches within the range
of cumulative drainage areas included in this analysis. We expect
that if reaches with greater percentage impervious surface were
examined, the probability of Brown Trout occurrence would
eventually decline.

Our modeling exercise was based on the assumption that
Brown Trout were dominant over Brook Trout. This assump-
tion was restricted to streams where Brook Trout were native and
Brown Trout were introduced (i.e., the eastern United States).
Under these conditions, it is generally accepted that Brown Trout
dominate Brook Trout and can eventually replace Brook Trout
populations (Korsu et al. 2007). In streams located in other re-
gions, such as in northern Europe, the opposite situation can oc-
cur, where Brook Trout (the introduced species) replace Brown
Trout (the native species; Korsu et al. 2007). Thus, extrapolating
results from this study to other systems should be done with cau-
tion. Lastly, although no two sample sites were located within
the same stream reach, we acknowledge that there may be some
spatial autocorrelation, even after using landscape-level covari-
ates, which could result in bias in parameter estimates and our
uncertainty estimates.

Our results support much of the existing research suggesting
that alterations to the landscape, and specifically the transition
from a forested catchment to one that contains urban develop-
ment (i.e., impervious surface) or agriculture or both, reduces the
occurrence probability of Brook Trout. The modeling approach
we employed, however, explicitly accounts for imperfect detec-
tion and the co-occurrence patterns of Brook and Brown Trout.
Results suggest that Brook Trout occupancy can be significantly

lower when Brown Trout are present than when Brown Trout
are absent, which supports many laboratory studies on the inter-
actions between these two species (e.g., Dewald and Wilzbach
1992) and observational studies on co-occurrence patterns (e.g.,
Waters 1983). This is particularly relevant given the amount of
effort devoted to assessing the current status of Brook Trout and
predicting the potential consequences of land use and climate
change on the vulnerability and persistence of these populations.
Accounting for co-occurrence patterns is not only relevant for
Brook Trout but is likely important for many species of manage-
ment concern, as ranges of many co-occurring species expand
and contract in response to anthropogenic activities.
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