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TasLe 1. Hydrologic attributes of Gila River drainage in Arizona and New Mexico, USA, at selected USGS gauging stations.
Mean annual No. extreme

discharge (m3/s) Discharge CV low flows
Watershed
USGS gauge area (km?) 1988 1998 1999 2006 1988 1998 1999 2006 1988 1998

San Francisco at Reserve 906 0.74 0.39 2.38 2.85 56

San Francisco at Glenwood 4281 3.39 2.06 2.67 3.32 57

Gila near Gila 4828 6.17 3.81 2.23 3.11 16

Aravaipa near Mammoth 1391 1.12 0.79 3.71 11.26 28

Verde near Clarkdale 9073 5.17 3.97 4.46 4.36 49

Notes: Watershed area is that provided by USGS for each gauge. Hydrologic attributes were calculated (default settings) using
Index of Hydrologic Alteration software, version 7 (The Nature Conservancy 2006).

present. Sampling was done in a manner to collect all
species and size classes likely present at a site and to
yield realistic estimates of assemblage structure. All
mesohabitats (e.g., rif e, rif e eddy, run, and pool)
present were sampled; uncommon habitats (e.g., debris
pools) tended to be sampled more completely than
common (e.g., run). Mesohabitats were de ned by
lateral location, water velocity, ow pattern (e.g.,
laminar, circular, and turbulent), depth, substrate, and
cover. Sampling began at the downstream terminus of a
site and proceeded upstream, mesohabitat by mesohab-
itat. After sampling a mesohabitat, nonnative individu-
als were retained and native shes were identi ed,
enumerated, and released. Removal of comparatively
few nonnatives (typically <25 individuals of each species
present) once a year was not deemed likely to in uence
overall assemblage structure or species interactions. In
addition, all sites were open to movement of nonnatives
from adjacent stream reaches. Following sh collection,
habitat measurements (one length and several width,
depth, and water velocity) were made in each meso-
habitat sampled. Substrate was visually classi ed as silt,
sand, gravel, cobble, or boulder/bedrock at each depth
measurement point.

Discharge data were obtained from U.S. Geological
Survey gauging stations: San Francisco River near
Reserve (9442680), San Francisco River near Glenwood
(9444000), and Gila River near Gila (data available
online).® Only the San Francisco River near Glenwood
and Gila River near Gila gauges were proximate to
study sites. We assumed for analyses that the San
Francisco River near Reserve generally re ected ows in
the Tularosa River and the Gila River near Gila gauge
did the same for each Gila River forks site. Data from
Aravaipa Creek near Mammoth (09473000) and Verde
River near Clarkdale (09504000) USGS gauges were
used for regional comparisons.

Analyses

Assemblage trends. Because multiple analytical
methods can yield different insights into patterns of
long-term change, we attempted to gain consensus by
evaluating our data with multiple approaches. Spear-

5 hhttp://waterdata.usgs.gov/nwis/swi

man s rank correlations were used to detect trends in
abundance rank of species over time at each site.
Temporal change in log(x 1) total native and
nonnative sh densities (number of individuals per
species per total area sampled) at each site was also
assessed with correlation analysis. Persistence was used
to characterize turnover (Minckley and Meffe 1987, Eby
et al. 2003) and calculated as 7 ... (C  E)/(S1 S»),
where C and FE are the number of species that colonized
or were extirpated between sample periods, while S; and
S, are the number of species present in each sample
period (Diamond and May 1977).

Two approaches were used to test for a directional
change in the sh assemblage within the study period.
First, a Mantel test (Mantel 1967) was used to test for a
signi cant association between a distance matrix that
represented time between samples (years) and a matrix
representing assemblage similarity between sample
dates. We used both Bray-Curtis and Jaccard s similar-
ity indices to represent quantitative and qualitative
attributes of assemblage structure, respectively. The
Mantel tests provided a correlation coef cient (Mantel
statistic, r) and test of signi cance between triangular
matrices (Jackson and Somers, 1989). Observed r values
were compared to 10000 random permutations of the
data to determine the probability that observed patterns
were randomly generated. All calculations were made
with the NTSYS version 2.10 (Applied Biostatistics,
New York, New York, USA). Second, we used principal
components analysis (PCA) to visualize the temporal
variation in sh-assemblage structure at the six study
sites and identify species driving that variation. PCA is
an indirect gradient analysis that assumes linear
relationships among species, which is appropriate for
evaluating temporal variation within a site and where
high levels of species turnover are not expected. We
chose this method over other approaches (e.g., nonmet-
ric multidimensional scaling) because they yielded
similar results, and eigenvalues from the PCA could be
directly compared with those from constrained ordina-
tions to evaluate factors driving patterns of assemblage
change. Species that occurred <5 years at a site were
excluded from this analysis. Eigenvalues and site scores
for PCA were calculated using CANOCO software,
version 4.5 (ter Braak and Smilauer 2002).
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TasLe 1. Extended.
No. small
floods
USGS gauge 1988 1998 1999 2006

San Francisco at Reserve 8 5
San Francisco at Glenwood 7 5
Gila near Gila 8 1
Aravaipa near Mammoth 7 1
Verde near Clarkdale 6 5

Drivers of assemblage change. Hydrologic regime,
local habitat characteristics, and abundances of nonna-
tive sh species were evaluated for associations with
native assemblage structure. Hydrologic regime was
characterized using daily discharge records from USGS
gauges, and we partitioned the water year (1 October 30
September) into pre-spawn, spawn, and post-spawn
periods (Table 2). Attributes of discharge quantity and
variability were summarized using Indicators of Hydro-
logic Alteration software, version 7 (Richter et al. 1996,
The Nature Conservancy 2006). Of the 66 attributes
generated by this analysis, we identi ed 16 variables
that, based upon documented life history attributes of
the species of interest, were likely to affect sh
assemblages at our study sites. To control for colinearity
among these 16 variables, PCA was used to summarize
variation across years in these variables. We summarized
physical habitat by maximum depth, percentage nes
(sand and silt substrates), and proportional frequency of
three main habitat types (pools, rif es, and runs).
Finally, we summed densities of nonnative predators
(smallmouth bass Micropterus dolomieui, yellow bull-
head, brown trout Salmo trutta, and rainbow trout

TABLE 2.
River drainage, New Mexico.
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Oncorhynchus mykiss) and nonnative competitors (red
shiner Cyprinella lutrensis and western mosquito sh
Gambusia af nis) and used these as predictor variables.

Redundancy analysis (RDA) was used to characterize
associations between native sh assemblage structure
and potential abiotic and biotic drivers at each site. A
Monte Carlo simulation was used to select variables that
were signi cantly associated with assemblage structure.
One thousand simulations were run and variables that
signi cantly contributed to variance explained in the
RDA >10% of the time (e.g., P < 0.10) were included in
the analysis. Analyses were conducted using CANOCO
software, version 4.5 (ter Braak and Smilauer 2002).

To characterize factors associated with nonnative
predators, we used stepwise multiple regression to
evaluate the relationship between environmental vari-
ables and total densities of nonnative predators at the six
sites. Independent variables that described ow attri-
butes (i.e., PCA axis scores) and habitat were the same
as those used in the RDA. The criterion to enter
independent variables was P < 0.05 and probability to
remove independent variables was P > 0.10.

Because there were multiple years of severe drought in
the region during our study (Fig. 2), we tested the
relationship between consecutive years of below-median

ows and densities of both small-bodied native shes
(long n dace Agosia chrysogaster, spikedace Meda

fulgida, speckled dace Rhinichthys osculus, and loach

minnow Tiaroga cobitis) and nonnative predators with
correlation analysis. We hypothesized that short-lived,
small-bodied native species would respond negatively to
multiple years of low ow because they are presumably
less capable of rebounding after two or more failed or
greatly diminished year classes. Nonnative predators

predict densities of native shes at permanent sites in the Gila

Environmental attribute

Ecological relevance

Pre-spawning hydrology (November February)
Median discharge
Maximum daily
High flood pulses

Spawning hydrology (March April)
Median discharge
Minimum daily
Maximum daily
Baseflow index
High flood pulses
Reversals

Post-spawning hydrology (May October)
Median discharge
Minimum daily
Maximum daily
Baseflow index
Low flood pulse events
High flood pulse events

Biotic interactions

Nonnative predator abundance
Nonnative small-bodied abundance

amount of habitat
inter-day variation
faunal displacing and channel forming

amount of habitat

spawning habitat reduction or loss

modify stream morphology; eggs and larvae displacement
current conditions vs. record norm

disrupt spawning

spawning disruption; egg exposure

amount of habitat

increased competition or predation

modify stream morphology

current conditions vs. record norm

disrupt nonnative spawning

disrupt nonnative spawning; displace nonnative eggs or larvae

mortality of natives through consumption or behavioral shifts
competition for resources and predation of larval native fishes
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TaBLE 3.
drainages, New Mexico, USA, 1988 2006.
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Fishes collected and number of occurrences at six annually sampled permanent sites in Gila and San Francisco

East Middle West Gila Tularosa San
Species Fork (18) Fork (19) Fork (18) (18) (19) Francisco (17)
Native
Longfin dace, Agosia chrysogaster 12 9 16 17 19 15
Headwater chub, Gila nigra 16 14 11
Roundtail chub, Gila robusta 1
Spikedace, Meda fulgida 5 6 16 17
Speckled dace, Rhinichthys osculus 3 9 18 19 17
Loach minnow, Tiaroga cobitis 5 11 12 17 14 17
Sonora sucker, Catostomus insignis 18 19 18 18 19 17
Desert sucker, Pantosteus clarki 18 15 17 18 18 17
Nonnative

Common carp, Cyprinus carpio 2
Red shiner, Cyprinella lutrensis 9
Fathead minnow, Pimephales promelas 4 3 2 5 4
Yellow bullhead, Ameiurus natalis 6 19 2 6
Channel catfish, Ictalurus punctatus 2 1
Chihuahua catfish, Ictalurus sp. 9
Flathead catfish, Pylodictus olivaris 3
Rainbow trout, Oncorhynchus mykiss 5 13 1 5
Brown trout, Salmo trutta 2 12
Western mosquitofish, Gambusia affinis 15 11 3 16 10 6
Brook stickleback, Culaea inconstans 1
Green sunfish, Lepomis cyanellus 2 3 2
Smallmouth bass, Micropterus dolomieui 14 19 6 5
Largemouth bass, M. salmoides 3 3 2

Note: The number of years a site was sampled is indicated in parentheses in the column headings.

were hypothesized to increase in abundance during low-
ow periods because they are less likely to experience

displacing- ow pulses during extended periods of low
ow.

REesuLTs
Assemblage trends

Collectively, the six sites supported seven native and
14 nonnative sh species, but occurrence varied among
sites (Table 3). In 1988, long n dace, loach minnow,
Sonora sucker Catostomus insignis, and desert sucker
Pantosteus clarki, were common to all sites. Speckled
dace occurred at all but the Gila site. Spikedace was
present at each Gila forks and Gila site and headwater
chub Gila nigra was found only at the Gila forks sites.
Western mosquito sh was the most widespread nonna-
tive sh and found at all sites. Fathead minnow
Pimephales promelas was found at all sites but West
Fork. Yellow bullhead and smallmouth bass were found
at all Gila River drainage sites, but not at either San
Francisco River drainage site. Rainbow trout was found
in both drainages, but most individuals were likely
stocked. Naturalized brown trout was found almost
exclusively at the West Fork site. Red shiner, common
carp Cyprinus carpio, channel cat sh Ictalurus punctatus,
and athead cat sh Pylodictus olivaris were found only
at Gila site. Other nonnative sh species were irregularly
collected and never represented by more than a few
individuals. Brook stickleback Culaea inconstans was the
only nonnative species collected (one specimen at

Tularosa) that had not been documented prior to 1988
in the upper Gila River drainage.

By the end of our study, the San Francisco site
retained its full native sh complement and nonnative

shes remained a rarity. Among its native sh species,
only long n dace declined in abundance (Table 4). Other
than an occasional fathead minnow or western mosqui-
to sh, nonnative shes were not found at the Tularosa
site, but loach minnow was possibly extirpated. Density
of speckled dace, however, increased over time at the
site. Fish assemblage persistence at these two sites was
higher than that of all others and neither Bray-Curtis
nor Jaccard s indices indicated assemblage-level change
at either site (Table 5).

Fish assemblage changes at the Gila forks sites were
largely because native species declined (Fig. 3). At the
end of the study, no fork site had the full suite of native

shes present at the beginning. At these sites, lack of
change in density by a native species was the exception.
With the exception of headwater chub at West Fork,
Sonora sucker at Middle and West forks, and desert
sucker at West Fork, each native species declined at each
site. Nonnative smallmouth bass increased in density at
East and Middle forks and yellow bullhead was
regularly found at Middle Fork site. Rainbow trout
was the only regularly collected nonnative at West Fork
site, and it declined over time (almost certainly because
autumn and spring stocking in the vicinity of the site
ceased in 1996). Assemblage persistence was lower for
these sites than all others and similarity index compar-
isons yielded signi cant differences.
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TasLE 4. Nonparametric trend analysis (Spearman s rank correlation) of species densities at six sites in the Gila San Francisco

River drainage, New Mexico.

Species Tularosa San Francisco East Fork Middle Fork West Fork Gila
Longfin dace 0.200 0.600* 0.376 0.746* 0.546* 0.377
Headwater chub 0.625* 0.490* 0.377
Spikedace 0.526* 0.661* 0.817* 0.285
Speckled dace 0.688* 0.116 0.749* 0.759*

Loach minnow 0.824* 0.132 0.275 0.760* 0.730* 0.277
Sonora sucker 0.074 0.210 0.721* 0.274 0.414 0.016
Desert sucker 0.304 0.317 0.489* 0.602* 0.088 0.295
Western mosquitofish 0.203 0.109 0.264 0.124
Yellow bullhead 0.179

Chihuahua catfish 0.078

Rainbow trout 0.152 0.249 0.711*

Brown trout 0.159

Smallmouth bass 0.694* 0.775* 0.010

Note: Asterisk indicates signi cance (P 0.05).

From 1988 through 2006, the sh assemblage at the
Gila site did not change, as evidenced by similarity and
persistence index values. All native shes present at the
beginning of the study were found in 2006 and density of
none declined over time (and this was the only site at
which no native sh species declined). Although a
greater number of nonnative sh species was collected
over the course of study at the Gila site than any other,
they were never regularly collected at the site or
represented by more than a few (<25) individuals.

Results from the PCA summarizing variation of sh
assemblages across time also illustrated changes in
native sh densities, in that the three Forks sites showed
patterns of directional change (Fig. 4). This was veri ed
with Mantel tests, which showed signi cant changes in
the sh assemblage structure using both qualitative and
quantitative indices of similarity (Table 5). In general,
collections in the late 1980s and 1990s were character-
ized by higher incidence and densities of native shes,
whereas collections in the 2000s were characterized by
relatively high densities of nonnative predators and
fewer occurrences of natives. Of the three Forks sites,
the greatest concordance between time and assemblage
similarity was at Middle Fork. Although there was not a
notable temporal trend in the sh assemblage structure
at San Francisco and Tularosa, species loadings for
native and nonnative shes were inversely correlated,
which contrasted with Gila, where nonnative predators
and competitors were positively associated with natives.

TABLE 5.
drainage, New Mexico.

Correlates with hydrology and mesohabitat

PCA of hydrologic variables at the three gauging
stations summarized annual variation in the hydrologic
regime (Tables 6 and 7). The rst ve principal
components explained >86% of the variation in hydro-
logic variables across years at each of the three gauging
stations. Variable loadings from the rst two axes were
also similar across stations, indicating consistent regional
trends in ow patterns. For example, the rst axis
summarized variation across years based on variables
associated with total annual discharge (AnnualQ) at all
stations and explained 42.7 46.7% of the variation in
hydrologic indices across years. The second PCA axis
explained between 19.7% and 20.6% of the variation
across years and generally contrasted variables associated
with high ows during the post-spawn period and those
associated with low ows during pre-spawn. The remain-
ing PCA axes varied across sites and represented mean
discharge or variance in discharge during the different
time periods relative to spawning of native shes.

Redundancy analysis illustrated the associations
between native sh assemblage structure, hydrology,
densities of nonnative species, and habitat availability
(Fig. 5). However, no single explanatory variable was
found to be a strong driver of native sh assemblage
structure across all sites. Hydrologic variables associated
with mean annual discharge (AnnualQ) were positively
related to the abundance of native shes at the three
Forks sites, a pattern primarily driven by high ows in

Summary of similarity and persistence indices of six sh assemblages in upper Gila River

Bray-Curtis Jaccard s
Site Mantel s r P Mantel s r P Persistence
Tularosa 0.089 0.171 0.130 0.094 0.966
San Francisco 0.128 0.095 0.066 0.218 0.972
East Fork 0.234 0.018 0.373 0.002 0.884
Middle Fork 0.564 0.001 0.709 0.001 0.842
West Fork 0.382 0.002 0.346 0.002 0.901
Gila 0.097 0.179 0.019 0.418 0.963
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Fic. 5. Redundancy analyses (RDA) of drivers of assemblage change at six sites in the upper Gila River drainage, New Mexico,
USA. Open circles represent annual samples and are labeled with the last two digits of the year. Vectors represent the strength and
direction of association for variables that were included in a model predicting variation in assemblage structure across years. The
percentage of variation in assemblage structure explained by RDA is given for each axis. Arrows and species codes on the axes

represent those species that were strongly associated with RDA

axis scores. Species codes are the rst three letters of the respective

genus (e.g., Gil, Gila nigra; Pan, Pantosteus clarki, and Tia, Tiaroga cobitis). Hydrologic drivers are de ned in Table 6 and physical
habitat and biological drivers are de ned in the Methods: Drivers of assemblage change.

supported more than a few nonnative shes and none in
most years. Decline of loach minnow at Tularosa and
long n dace at San Francisco began within two years of
drought onset and was associated with an increase in

pool habitat. While loach minnow declined at Tularosa,
speckled dace increased. Fish assemblage dynamics at
these two sites was likely within the range of natural
variability of this system. However, the long-term
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Results for stepwise multiple regressions to predict densities of nonnative predators and competitors at the six long-term

monitoring sites in the upper Gila River drainage, New Mexico.

Site Years F P R? Parameter Estimate t P

Tularosa 19 ns

San Francisco 17 414 <0.001 0.84 high prespawnQ low spawnQ (PCA3) 0.612 431 0.001
reversals  high postspawnQ (PCAD5) 0.374 2.63 0.018

East Fork 18 16.8 <0.001 0.78 high prespawnQ low spawnQ (PCA3) 0.806 6.25  <0.001
maximum depth 0.491 3.88 0.002
%Pool 0.395 311 0.008

Middle Fork 19 6.9 0.017 0.29  %Pool 0.538 6.93 0.017

West Fork 18 6.3 0.029 044  %Riffles 0.444 2.36 0.031
%Fines 0.442 2.35 0.032

Gila 18 8.7 0.009 0.35 AnnualQ (PCAL) 0.594 2.95 0.009

Note: Years indicates the number of years that a site was monitored. Parameter estimates were standardized to facilitate

comparisons.

resilience of these sh assemblages may be lessened
because of continued presence, albeit low abundance, of
nonnative shes and impediments to movement by
native shes among associated reaches.

Despite being the most downstream, in a reach most
affected by human activity, and being exposed to the
greatest number of nonnative shes, the native sh
assemblage at Gila site did not change. All native shes
present in 1988 were found in 2006, no native sh
declined or increased in abundance, and total native sh
density was comparable across years. No nonnative
species was regularly collected and none was ever
represented by more than a few individuals. Drought
had no evident in uence on native shes and did not
result in an increase in nonnative sh abundance or
diversity. Paucity of optimal habitat (mainly pools) for
nonnative predators and comparative abundance of
habitats (e.g., cobble rif es and shallow gravel runs)
favored by native shes, particularly small-bodied
species, partially explains the persistence of the native

sh assemblage. Other factors, such as thermal regime
and turbidity, also might have mediated interactions
between native and nonnative shes.

Theoretical and empirical evidence suggests that
native and nonnative species respond differently to a
natural ow regime (Minckley and Meffe 1987, Moyle
and Light 1996, Poff et al. 1997, Brouder 2001, Bunn
and Arthington 2002, Propst and Gido 2004). Empirical
evidence of a negative response of nonnative shes to
natural ows, however, is limited to a few examples (e.g.,
Meffe and Minckley 1987, Minckley and Meffe 1987),
and these are rather speci ¢ to canyon-bound reaches
where shelter from large volume oods is minimal.
Although it is generally believed that establishment of
nonnative species is facilitated by disturbance, particu-
larly human-induced (e.g., Bunn and Arthington 2002),
we found little evidence that disturbance in uenced
establishment and persistence of nonnative shes in the
upper Gila River drainage. In part, this may be because
a disturbance threshold (sensu Groffman et al. 2006)
was not crossed at any of our sites. Alternatively,
streams of the upper Gila drainage may not experience

ow variation as extreme (particularly oods) as those
of other streams in the region, such as Aravaipa Creek,
where ow has a more demonstrative negative affect on
nonnative shes. Nonetheless, we did nd that native
and nonnative species generally responded differently to
a natural ow regime. Whereas it was not evident that
elevated discharge in uenced the persistence of nonna-
tive shes, they seemed to be favored by low ows,
perhaps in response to increased concentrations of
native sh prey and simpli cation of habitats as water
volume was diminished (e.g., Magoulick and Kobza
2003). In contrast, densities of natives tended to increase
with elevated ows. It was not clear, however, if mixed
native and nonnative sh assemblages can coexist over
extended natural climate cycles of wet and dry periods.
Under the right conditions (e.g., Middle Fork site),
nonnative predators can, in the span of a few years,
eliminate a native sh assemblage in an unmodi ed
setting, particularly if this occurs when the native
assemblage is naturally stressed, as during drought.

The differential responses of shes to ow-induced
disturbances were mediated in part by differences in life
history strategies of native and nonnative shes (e.g.,
Olden et al. 2006). For example, among native species at
Middle Fork, the most marked declines were of small-
bodied, short-lived ( 3 years) species, whereas long-
lived ( 4 years), large-bodied native species persisted
longer, but only as adults, and their numbers diminished
with time. Because native Gila River drainage species
typically spawn brie y during snowmelt or in associa-
tion with storm-induced ows (John 1963, Minckley and
Barber 1970, Minckley 1973, Bestgen and Propst 1989,
Propst and Bestgen 1991), drought likely reduced
recruitment success. Lowered recruitment at Middle
Fork in concert with stable or increased abundances of
nonnative predators resulted in the elimination of these
species. The Gila site, in contrast, was not plagued by
nonnative predators and short-lived native shes did not
have to simultaneously survive drought-induced recruit-
ment reduction and nonnative predation. This down-
stream site might also have been more resistant to
adverse effects of drought because of greater discharge
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median discharge (1.737 m®/s). Regression lines (and P values) are provided only for signi cant correlations.

and thus a greater range of habitats (Magoulick and
Kobza 2003), although few deep-water habitats were
present. Consequently, the native sh assemblage of
Gila persisted through several years of drought. Similar,
life history-based explanations might be constructed to
elucidate persistence of native sh assemblages at the
San Francisco and Tularosa sites and collapse at the
East Fork site.

The dramatic declines in native sh assemblages at the
forks sites but persistence at others, and the discontin-
uous distribution of nonnatives in the upper Gila River
drainage suggest the system is fragmented with limited
movement of shes among sites. Although a natural

ow regime might help maintain connectivity within a
river system (e.g., Bunn and Arthington 2002), naturally
high ows may also enable movement of nonnatives
among sites. The largely intact native sh assemblage of
the San Francisco site was partially protected by an

irrigation diversion that prevented upstream movement
of nonnative predators. While this barrier protected a
vulnerable native sh assemblage, it is unclear what
long-term effects this isolation will have on population
viability and persistence. Nonnative infested reaches and
water diversions isolated other native-dominated reach-
es and likely decrease the resilience of these populations
if diminished or depopulated by drought (e.g., Gilliam
and Fraser 2001, Fagan et al. 2005, Poff et al. 2007).
In the comparatively unmodi ed upper Gila River
drainage, native sh assemblages persisted largely intact
at sites lacking an established and abundant nonnative
predator. Native shes responded positively to elevated
discharge associated with spring runoff and late-summer
storms, but were less abundant during periods of
drought. Nonetheless, in the absence of nonnative
predators, native sh assemblages persisted through
drought. While a natural ow regime was essential to



