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Abstract – Ichthyofaunal zonation occurs when lotic fishes are partitioned into distinct assemblages, usually in
response to longitudinally distributed habitats. Several studies have documented zonation within the Rio Grande, but
this is the first to quantitatively test the zonation hypothesis along a continuous 2800-km river profile, extending from
the Rio Chama headwaters to the Gulf of Mexico. Using a large, multi-source dataset, I detected three ichthyofaunal
zones: a high gradient (�1.5%) ‘upper’ zone, a moderate gradient (�0.2%) ‘middle’ zone and a low gradient (<0.1%)
‘lower’ zone. Species richness was lowest in the upper zone and highest in the lower zone, and all zones contained
large numbers of nonnative species. However, species richness did not accumulate in a consistent, downstream
manner. Instead, it tracked local-scale changes in mean annual discharge. This demonstrates the strong effect of river
regulation and irrigation withdraws on fish diversity in the Rio Grande.
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Introduction

When examined at large spatial scales, lotic fish faunas
can often be divided into a series of contiguous
assemblages, each of which is associated with longi-
tudinally distributed habitat characteristics (Hynes
1970; Hawkes 1975; Rahel & Hubert 1991). A well-
known example of this ‘ichthyofaunal zonation’ is
Huet’s (1959) account of distinct trout, grayling,
barbel and bream zones in Western European rivers.
Huet (1959) showed how channel gradient, which
changes predictably along the river course and
covaries with suites of physical and chemical habitat
parameters, can be used to predict fish assemblage
structure at a given locality.

Documenting ichthyofaunal zonation is important
because the unique ecological attributes of individual
zones may warrant specific management and conser-
vation activities (Schlosser 1990; Aarts & Nienhuis

2003). For instance, fishes within ephemeral headwa-
ter habitats are often thought to be ‘colonising’
specialists that require high reproductive capacities
and excellent dispersal capabilities to persist in such
unstable environments (Hawkes 1975; Schlosser 1987;
Poff & Allan 1995). Cold, perennial headwaters
provide essential spawning and rearing habitat for
trout and salmon (Harig & Fausch 2002; Roni 2002).
Alternatively, fishes within large, relatively stable
downstream habitats are more likely to be governed by
competition and predation, and they exhibit a greater
diversity of life-history strategies and feeding behav-
iours than headwater assemblages (Schlosser 1987;
Ibañez et al. 2007; Poff & Allan 1995). Ichthyofaunal
zones can also be helpful in regional diversity studies,
where it is often necessary to control for secondary
influences such as habitat type (see Gotelli & Graves
1996). Zones can account for major shifts in river
habitat (Hawkes 1975; Ibarra & Stewart 1989), so they

Correspondence: D. J. McGarvey, ORISE Postdoctoral Fellow at the U.S. Environmental Protection Agency, Ecosystems Research Division, 960 College Station
Road, Athens, GA 30605, USA. E-mail: mcgar002@gmail.com

Ecology of Freshwater Fish 2011: 20: 231–242
Printed in Malaysia Æ All rights reserved

Published 2011. This article is a US Government work
and is in the public domain in the USA.

ECOLOGY OF
FRESHWATER FISH

doi: 10.1111/j.1600-0633.2011.00485.x 231



can minimise or eliminate the confounding effects of
habitat type when they are used as sampling units (see
Buckley 1982; McGarvey & Hughes 2008).

Several authors have reported ichthyofaunal zona-
tion within the Rio Grande (USA). For example,
Platania (1991) detected two zones (cool-water and
warm-water) within an approximately 200-km reach of
the Rio Grande in northern New Mexico, while Hubbs
et al. (1977) detected two zones between the New
Mexico–Texas border and the Pecos River confluence.
These studies have shown that zonation does occur
within the Rio Grande, but they are not comparable to
the whole-river zonation studies described above
because they did not include the full range of biotic
and abiotic changes that occur along the entire length
of the Rio Grande. Calamusso et al. (2005) presented a
three-zone model that encompassed the entire length
of the Rio Grande (i.e., from the Colorado headwaters
to the Gulf of Mexico). However, their zonation
scheme was a conceptual model based on expert
opinion, rather than a quantitative zonation analysis
(B. Calamusso, personal communication). To date, a
quantitative analysis has not been performed for the
entire Rio Grande.

In this study, I combine natural history museum,
federal agency and primary literature data to test the
ichthyofaunal zonation hypothesis along a complete
(2800 km) Rio Grande profile and to locate zone
boundaries. I then use a 30-year flow dataset to
determine whether fish species richness is significantly
correlated with river discharge in the Rio Grande.
Recent studies have shown that positive, linear (when
all data are log-transformed) species–discharge rela-
tionships (SDRs) are characteristic of many lotic fish
assemblages (e.g., Xenopoulos & Lodge 2006;
McGarvey & Hughes 2008). I therefore test whether
a linear SDR exists in the Rio Grande. Finally,
I compare the zonation and SDR results with previous
work in the USA and abroad and discuss ways this
information can enhance the conservation of Rio
Grande fishes.

Material and methods

River profile

Fish distributions were examined along a 2800-km
river reach (Fig. 1a) that originated in the headwaters
of the Rio Chama ()106.56�W, 37.13�N; San Juan
Mountains, CO, USA), flowed into the Rio Grande
and continued flowing southeast to the Gulf of
Mexico ()97.15�W, 25.96�N). I plotted a longitudinal
profile for this river reach (Fig. 1b) by selecting
digital river segments from the National Hydrography
Dataset (USGS 2000) and superimposing them on a
30-m resolution National Elevation Dataset grid

(Gesch et al. 2002). I then divided the river profile
into a series of contiguous, equal-interval segments.
Equal-interval river segments are analogous to the
‘elevation bands’ and ‘quadrats’ that are commonly
used in gradient analyses (e.g., Pielou 1979; Hofer
et al. 1999). I used them to create a uniform
distribution of data – a key assumption of most
gradient or zonation analyses (Ludwig & Cornelius
1987; Hofer et al. 1999) – from the compiled point
samples, which were unevenly distributed (see Fish
data below).
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Fig. 1. (a) Map of the Rio Chama and Rio Grande (heavy line),
including major tributaries (thin lines). White boxes depict the
locations of 50-km segment boundaries. (b) Longitudinal profile of
the Rio Chama and Rio Grande. Upper, middle and lower zones are
shown as black, grey and white sections, respectively. The estuary
zone, which occurs in the terminal downstream segment (river km
2750–2800), is indicated by a star (*). Longitudinal positions of
major river confluences are shown by solid arrows: C1 = Rio
Chama confluence; C2 = Rio Conchos confluence; C3 = Pecos
River confluence. Positions of major dams and irrigation diversions
are shown by dashed arrows: D1 = Heron Dam; D2 = El Vado
Dam; D3 = Abiquiu Dam; D4 = Cochiti Dam; D5 = Angostura
Diversion; D6 = Isleta Diversion; D7 = San Acacia Diver-
sion; D8 = Elephant Butte Dam; D9 = Caballo Dam; D10 = Leas-
burg Diversion; D11 = American Diversion; D12 = Amistad
Diversion; D13 = Falcon Dam; D14 = Anzalduas Dam;
D15 = Retamal Dam. Positions of the 17 flow gauges that were
used to predict river discharge are indicated by white circles.
Vertical exaggeration of the longitudinal profile is ·800.
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Choosing an appropriate length for the equal-interval
segments did, however, require a trade-off. Smaller
segments would have facilitated more precise zonation
analyses, but they would also have made it difficult to
interpolate the locations of some field samples, based
on the original site descriptions, and they would have
increased the number of ‘data gaps’ (i.e., river segments
that did not contain any field samples) in the longitu-
dinal dataset. I chose 50-km river segments to minimise
the frequency of data gaps, noting the study of
McGarvey & Ward (2008); they examined the effect
of segment length on zonation test results and found
that 50-, 25-, 10- and 5-km segments produced similar
zonation patterns. Specifically, McGarvey & Ward
(2008) showed that the major transition point along the
longitudinal profile of a highly diverse, southeastern
river (i.e., the fall line on the Cahaba River, AL,
USA) could be detected using any of the four
segment lengths. I therefore considered 50 km to be
an optimal segment length and divided the 2800-km
river profile into 56 contiguous, 50-km segments
(Fig. 1a). Each 50-km segment was labelled and
identified according to its upstream boundary. For
instance, the ‘0-km’ segment represents river km 0–
49, beginning at the most upstream location. All
spatial analyses were performed with ArcInfo soft-
ware (Environmental Systems Research Institute,
Redlands, CA, USA).

Fish data

Fish data were compiled from multiple sources,
including the Museum of Southwestern Biology
(University of New Mexico; http://msb-fish.unm.e-
du/; last accessed 10 August 2010), the Environ-
mental Monitoring and Assessment Program (U.S.
Environmental Protection Agency; http://www.epa.-
gov/emap; last accessed 10 August 2010), and select
publications (Hubbs et al. 1977; Sublette et al. 1990;
Platania 1991; Carter 1997; Contreras-Balderas et al.
2002; Edwards et al. 2002). The resulting dataset
included both abundance (e.g., Platania 1991; Con-
treras-Balderas et al. 2002) and presence-only data
(e.g., Sublette et al. 1990). To minimise temporal
effects, I limited the fish dataset to samples collected
since 1960. This was prudent because native fish
assemblages in the Rio Chama and Rio Grande have
been heavily impacted by anthropogenic habitat
alterations and nonnative invasions, and they are
now distinct from historical assemblages (e.g.,
Sublette et al. 1990; Edwards et al. 2002; Calamusso
et al. 2005). Primary habitat descriptions were
compiled for all species from Sublette et al.
(1990), Platania (1991), Contreras-Balderas et al.
(2002) and Calamusso et al. (2005) and included
the following categories: freshwater native, freshwa-

ter nonnative, euryhaline (i.e., broad salinity toler-
ance) and marine.

Species’presenceswere thendocumentedwithineach
of the 50-km river segments, using a three step process.
First, all abundancedatawere converted to presencedata
(i.e., ‡1 individual present within a sample). Presence
data were used as a conservative measure because the
fish samples were collected with variable methods
(seines, backpack electrofishers and boat electrofishers),
and abundance data were not available at many sites
along the 2800-km river profile. Second, each of the fish
samples was superimposed on its respective river
locality (i.e., a specific point along the river profile),
using original dataset coordinates or inferences drawn
from maps and field descriptions. Third, by noting the
longitudinalpositionof eachsample, Ideterminedwhich
samples, and therefore which species, occurred in each
of the 50-km river segments.

Combining fish data from multiple sources was
necessary, given the spatial extent of the study. But it
also introduced a potential source of bias: differing
sample sizes and sampling efforts among river
segments. For example, 16 of the 56 river segments
contained a combination of abundance and presence
data, 20 contained only abundance data, and 20 were
empty (i.e., data gaps). Furthermore, the number of
discrete sampling events within a given segment
ranged from 1–14 (median = 3; CV = 0.85), while
the total numbers of individuals (of all species)
collected within a given segment ranged from 241–
32 598 (median = 1152; CV = 2.01). I therefore
sought to ensure that the zonation test results were
not unduly biased by the nonuniform sampling effort.
To do so, I first selected 10 river segments at random
from the 26 that contained abundance data and
computed a similarity matrix (Sorensen similarity)
for all segment-by-segment comparisons (·45 paired
comparisons), using the complete dataset (i.e., all
abundance samples within a segment were combined
and converted to presence data). Next, I standardised
the sampling effort among segments by randomly
sampling (i.e., rarefying; see Gotelli & Colwell 2001)
241 individuals (the smallest total number of individ-
uals within a segment) from the combined pool of
individuals within each of the 10 selected segments,
then converting the rarefied abundances to presences.
I then recalculated the similarity matrix for the rarefied
data and used a Mantel test (Fortin & Gurevitch 2001)
to compare the rarefied matrix with the original
similarity matrix. This tested whether the paired
segment similarities were highly influenced by sam-
pling effort; strong Mantel correlations suggested
that they were not (i.e., paired similarities did not
change significantly when complete and rarefied
data were used). This procedure was performed 100
times. Mantel correlations ranged from 0.84–0.96
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(median = 0.91; CV = 0.03), and all tests were highly
significant (P £ 0.001). Thus, I concluded that the
zonation tests (see below) were robust to spurious
sampling effects. Rarefaction and Mantel tests were
performed with PopTools software (CSIRO, Canberra,
Australia).

Finally, I used the following procedure to account
for data gaps: if a species occurred both upstream and
downstream of a gap, its range was assumed to include
the gap. Otherwise, a species’ range was limited to the
empirically observed presence data (see Pielou 1977;
Hofer et al. 1999). Fish distributions were character-
ised along the entire river profile by repeating this
process for every species in the database. As a
conservative measure, data gaps were excluded from
all cluster analysis, nonmetric multidimensional scal-
ing (NMDS) and SDR tests (see below).

Zonation testing

Dale’s (1988) test for ‘clumped’ range boundaries was
then used to test for ichthyofaunal zonation. This
method uses the serial autocorrelation statistic (hm) to
test whether unusually (i.e., nonrandom) large num-
bers of range contiguities, where the downstream
boundary of one species’ range is immediately adja-
cent to the upstream boundary of another species’
range, occur in the same location. To perform the test,
an observed hm value is compared with a null hm
value, where the null hm is derived from the total
number of species in the dataset and the total length of
the river profile. Whenever the observed hm is
significantly larger than the null hm, one may infer
that species are distributed in a nonrandom, zonal
pattern (see Dale 1988; Gotelli & Graves 1996).
I performed Dale’s test with the Visual Basic program
of Hofer et al. (1999).

Dale’s (1988) test can verify that a significant
zonation pattern exists, but it does not indicate where
the zone boundaries occur (Hofer et al. 1999). It is
analogous to Analysis of Variance, which tests
whether there is at least one significant difference
among populations, but does not specify which
populations are different. Cluster analysis and NMDS
were therefore used to determine which 50-km
segments occurred in each zone and to infer zone
boundary locations. Hierarchical cluster analysis was
performed with the Sorensen similarity index (Ludwig
& Reynolds 1988) and the flexible beta (b = )0.25)
linkage method (Belbin et al. 1992), using the 50-km
segments as sampling units. Segments that clustered
under an arbitrary 70% similarity criterion were
assumed to represent contiguous ichthyofaunal zones,
while the <70% similar breakpoints were assumed to
represent zone boundaries. NMDS was also used
(Sorensen similarity; city-block distance) to examine

the distribution of 50-km segments within a two-dimen-
sional ordination (Fasham 1977; Cornelius & Reynolds
1991). I assumed that if significant zonation was
detected, distinct groups of 50-km segments would be
evident in the NMDS ordination plot. Cluster analysis
and NMDS were performed with PC-ORD software
(MjM Software, Gleneden Beach, OR, USA).

Estimating river discharge and species richness

A modelling approach was used to estimate mean
annual instantaneous discharge (m3 s)1) at specific
locations along the river profile. First, 17 gauging
stations were selected that spanned the length of the
river profile (Fig. 1b). Mean discharge was then
calculated at each station using 30 years of daily flow
records (1976–2006; the longest period that was
consistently on record at all stations) from the U.S.
Geological Survey (http://waterdata.usgs.gov/nwis;
last accessed 10 August 2010) and the International
Boundary and Water Commission (http://www.ibwc.
state.gov; last accessed 10 August 2010).

Next, linear regression was used to model the
relationship between discharge and gauge elevation.
Elevation was used as the independent variable because
it could easily be measured at any point along the river
profile, and it is an effective surrogate for variables that
directly influence discharge (e.g., channel gradient and
cross-sectional area; McGarvey &Ward 2008). Regres-
sion results were then used to estimate discharge within
each ichthyofaunal zone and ⁄or 50-km river segment:
the longitudinal midpoint elevation of each zone or 50-
km segment (independent variable) was entered into
the regression equation, and the predicted discharge
(dependent variable) was recorded.

Finally, SDRs were created by regressing species
richness estimates against their corresponding dis-
charge estimates. This procedure was performed for
ichthyofaunal zones, as well as individual 50-km
segments. SDRs were also examined for fishes of
differing origins: native freshwater species only, non-
native freshwater species only, euryhaline species only
and all species combined. Species richness was
estimated for each ichthyofaunal zone by combining
all 50-km segments within the zone, and summing the
total number of species within it. Species richness
within each 50-km segment was simply the sum of
species within that segment. All richness and discharge
data were log10-transformed prior to SDR analyses.

Results

Fish distributions and zonation testing

A total of 161 species were documented along the
2800-km river profile. Eighty of these were marine
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fishes from the Gulf of Mexico that were confined to
the terminal river segment (river km 2750–2800; see
Fig. 2 and Appendix S1). Because the objective of this
study was to characterise the freshwater ichthyofauna
of the Rio Chama and Rio Grande, the 2750-km river
segment was excluded from all remaining analyses.
Many of the remaining 81 freshwater and euryhaline
species did, however, have more extensive ranges.
Common carp (Cyprinus carpio Linnaeus), channel
catfish (Ictalurus punctatus Rafinesque), largemouth
bass (Micropterus salmoides Lacepède) and bluegill
(Lepomis macrochirus Rafinesque) were the most
widely distributed (Appendix S1), with ranges that
encompassed ‡1650 river km. In general, species’
ranges were highly variable, and no clear mode in
range size, with the exception of marine species in the
terminal 50-km segment, was detected (Fig. 2).

Dale’s (1988) test provided strong support for the
zonation hypothesis. When the observed hm statistic
(0.006) was compared to the null hm distribution, it
exceeded the mean hm value (0.003) by more than three
standard deviations (1 SD = 1.73e)4; P < 0.01). This
indicated a significant tendency for the downstream and
upstream boundaries of neighbouring species’ ranges to
clump together at the same locations. In other words,
large numbers of species replacements occurred simul-
taneously, at specific transition points along the longi-
tudinal profile. This result justified closer inspection of
the zonation pattern.

Cluster analysis revealed the specific form of the
zonation, with three ichthyofaunal zones identified
under the 70% similarity criterion (Fig. 3): an ‘upper’
zone that included the 0- and 50-km segments
(3500 fi 2100 m elevation), a ‘middle’ zone that
encompassed the 100- to 500-km segments
(2100 fi 1350 m elevation), and a ‘lower’ zone that
spanned the 550- to 2700-km segments (1350 fi 3 m

elevation; see Fig. 1b). This zonation pattern was also
reflected by NMDS. Segments within zones clustered
closely together in the ordination plot, but were
relatively far from segments in other zones, such that
three distinct groups were apparent (Fig. 3). Among
these zones, a consistent downstream increase in species
richness was observed: 13, 34 and 82 species occurred
in the upper, middle and lower zones, respectively. A
large proportion of this richness was, however, attrib-
utable to nonnative species (Appendix S1). Nonnative
fishes accounted for 69% of the upper, 56% of the
middle and 30% of the lower zone richness.
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Species–discharge relationship

When mean instantaneous discharge and gauge ele-
vation were plotted, it was apparent that three separate,
piecewise regression models were necessary to cha-
racterise the overall relationship (Fig. 4). At the
highest elevations (>1700 m), a negative discharge-
elevation relationship was observed with discharge
gradually increasing downstream. A rapid increase in
discharge then occurred at 1700-m elevation, because
of an influx of water at the Rio Chama–Rio Grande
confluence. Between 1000)1700-m elevation, a steep,
positive discharge-elevation relationship was ob-
served, with discharge decreasing dramatically in the
downstream direction. This rapid downstream loss of
water was due primarily to agricultural and municipal
withdrawals (Calamusso et al. 2005). Below 1000-m
elevation, a steep, negative discharge-elevation rela-
tionship was observed, with discharge again increasing
downstream. Each of the three linear models fit its
corresponding dataset well; though, the significance of
the high-elevation model (P = 0.06) was constrained
by its small sample size (n = 3; Fig. 4). Also, a single,
third order polynomial model accounted for 89% of
the total variance in discharge and was highly
significant (P < 0.01), but was not used because it
predicted negative discharge above 2000-m elevation.

When the midpoint elevation of each ichthyofaunal
zone was applied to its corresponding discharge-
elevation model (>1700 m, 1000–1700 m or <1000 m
elevation; see Fig. 4), mean instantaneous discharge
values of 0.91, 48.64 and 33.46 m3Æs)1 were predicted
in the upper, middle and lower zones, respectively.
When this same procedure was applied to the
individual 50-km river segments, predicted discharge
ranged from 0.5–93.5 m3Æs)1.

Linear SDRs for native freshwater (Fig. 5a), non-
native freshwater (Fig. 5b) and all species datasets
(Fig. 5d) were observed when the predicted discharge
values in each ichthyofaunal zone were plotted against
their corresponding richness estimates. Unfortunately,
with only three data points per plot, it was not possible
to assess the fit and significance of these SDRs.
Greater confidence in the zonal SDR results could be
achieved if other rivers within the region, such as the
Pecos or Rio Conchos, were added to the dataset. But
for the moment, the zonal SDR results must be
considered preliminary.

More conclusive SDR results were obtained when
the individual 50-km segments were analysed. Linear
SDRs were observed for native freshwater (Fig. 5a),
nonnative freshwater (Fig. 5b), euryhaline (Fig. 5c)
and all species datasets (Fig. 5d). Slopes ranged from
0.13 to 0.46, and all SDRs were significant at
P £ 0.01. Fits of the SDR models were moderately
low for native, nonnative and euryhaline species
(r2 £ 0.42). Model fit did, however, improve when
all species were combined (r2 = 0.67).

Discussion

Ichthyofaunal zonation in a highly regulated river

Using quantitative methods (Dale’s range boundary
test, cluster analysis and NMDS) and fish data from a
variety of sources, three freshwater, ichthyofaunal
zones were detected along a 2800-km reach of the Rio
Chama and Rio Grande (Fig. 1b). The upper zone is a
cold, perennial, high gradient (�1.5%) environment
with predominately gravel and bedrock substrates
(Platania 1991; Calamusso et al. 2005) that terminates
�40 km upstream of Abiquiu Dam (point ‘D3’ in
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30 years of continuous daily records. Three independent, linear relationships are shown: a negative relationship below 1000-m elevation (open
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Fig. 1b). Its ichthyofauna consists of suckers (Catos-
tomidae), minnows (Cyprinidae) and trouts (Salmon-
idae; Appendix S1). The middle zone is a cool to
warm-water environment with moderate gradient
(�0.2%), primarily silt and sand substrates, and highly
regulated flows (Platania 1991; Rinne & Platania
1995) that terminates �40 km upstream of Elephant
Butte Dam (point ‘D5’ in Fig. 1b). It has a compar-
atively rich ichthyofauna, composed primarily of
suckers, sunfishes (Centrarchidae), minnows and catf-
ishes (Ictaluridae; Appendix S1). The lower freshwater
zone is a low gradient (<0.1%), warm-water environ-
ment with the highest diversity of nonmarine fishes
(Appendix S1). The lower zone is also the most
disturbed of the three freshwater zones. Habitat
heterogeneity and water quality are generally poor
throughout the lower zone (Hubbs et al. 1977; Con-
treras-Balderas & Lozano-Vilano 1994). And water
diversions magnify the influence of salt spring inflows,
resulting in large numbers of euryhaline species within
the lower zone (Appendix S1; see also Contreras-
Balderas et al. 2002).

Interestingly, the ichthyofaunal zonation shown here
closely replicated the conceptual zonation model of
Calamusso et al. (2005). They described an upper
zone within the headwaters of the Rio Grande (above
the Rio Chama–Rio Grande confluence), a middle
zone that extended downstream to Caballo Dam, and a
lower zone that extended to the Gulf of Mexico. Minor
differences did exist between the current zonation
results and the model of Calamusso et al. (2005). For
instance, in this study, the headwater reaches occurred
in the Rio Chama, rather than the Rio Grande, the
upper zone terminated �90 km upstream of the Rio
Chama–Rio Grande confluence (point ‘C1’ in
Fig. 1b), and the middle zone terminated �80 km
upstream of Caballo Dam (point ‘D6’ in Fig. 1b). But
the overall similarity was surprising, given that
Calamussoet al. (2005)didnotusequantitativemethods
to develop their zonation scheme. Instead, their model
was based on expert opinion (B. Calamusso, personal
communication).

The zonation test results were also similar to patterns
(i.e., 3–4 successive, ichthyofaunal zones) observed in
other U.S. rivers (e.g., McGarvey & Hughes 2008;
McGarvey & Ward 2008) and abroad. For instance,
Esselman et al. (2006) detected three ichthyofaunal
zones in the Monkey River (Belize). Edds (1993)
detected four zones in theGandaki River (Nepal). Ibarra
et al. (2005) reported four zones in the Garonne river
(France). And Balon & Stewart (1983) described four
zones in the Luongo River (Zambia). These similarities
suggest that the ichthyofaunal zonation shown in
Fig. 1(b) may be typical of many large river systems.

Caution is warranted, however, when comparing the
zonation results because the Rio Grande is so highly
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Fig. 5. Species–discharge relationships (SDRs) for the Rio Grande
fishes. Separate SDRs are included for (a) native freshwater
species, (b) nonnative freshwater species, (c) euryhaline species
and (d) all species combined. In each plot, SDRs are shown for
ichthyofaunal zones and for individual 50-km river segments.
Zones are indicated by black circles with white letters (U = upper
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lines; the SDR slopes and coefficients of determination (r2) are
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lines; the SDR slopes and r2 values are shown as black characters
on white background.
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modified (Wong et al. 2007). Fifteen major dams and
irrigation diversions were built along the Rio Chama–
Rio Grande study reach (Fig. 1b) during the 1900s.
Both the total volume and the variability of river flows
are now severely diminished in many reaches, and
reservoirs inundate much of the historic in-stream and
floodplain habitat that was once utilised by native
fishes. As a result, native fish diversity has decreased
by >50% in some reaches, and nonnative fishes are
rapidly increasing (Sublette et al. 1990; Contreras-
Balderas et al. 2002; Calamusso et al. 2005). Thus, it
is unclear whether, or to what degree, the observed
zonation is a reflection of natural fish distributions in
the Rio Grande, or an artefact of the extensive
disturbances that have occurred throughout the region.
This determination could not be made directly because
I did not find sufficient predisturbance fish data (circa
early-1900s) to repeat the zonation analysis (historical
fish assemblages are described in Smith & Miller
1986; Sublette et al. 1990; Calamusso et al. 2005).
A deductive approach is therefore necessary to place
the zonation results in context.

Two effects of the river modifications have been
particularly detrimental to native fishes in the Rio
Grande: lost connectivity because of impassable dams
and diversions (i.e., barriers), and the conversion of
lotic to lentic habitat (Calamusso et al. 2005). Barriers
have been most harmful to migratory species such as
shovelnose sturgeon (Scaphirhynchus platorynchus
Rafinesque) and American eel (Anguilla rostrata
Lesueur), which are now rare or absent in the middle
and upper zones. However, barriers also constrain
population sizes of nonmigratory fishes through lost
reproductive effort (i.e., downstream entrainment and
loss of pelagic eggs and larvae) and subsequent
reductions in recruitment (e.g., Alò & Turner 2005).
The negative effects of dams on native fishes in the
southwestern USA are widely acknowledged (e.g.,
Miller et al. 1989; Rinne et al. 2005), and it is perhaps
telling that the boundaries between the upper-middle
and middle-lower zones both occurred near major
dams (Abiquiu and Elephant Butte; Fig. 1b). That
said, each of the ichthyofaunal zones encompassed ‡2
impassable barriers (i.e., most barriers did not coincide
with a zone boundary). It therefore seems that the
observed zonation cannot be wholly attributed to
barriers per se.

Inundation of lotic habitat has also had a major
impact on the Rio Grande ichthyofauna. Approxi-
mately 300 km2 of lentic (i.e., reservoir) habitat now
exists within the Rio Grande basin (Gido & Brown
1999). This has resulted in acute habitat losses for
native fishes that require shallow, benthic habitats to
complete their life histories, such as the Rio Grande
sucker (Catostomus plebeius Baird & Girard; McPhee
2007). Reservoirs have also become vectors for

nonnative, lentic species including walleye (Sander
vitreus Mitchill) and largemouth bass, which now
compete with or prey upon native species (Rinne
1995; Calamusso et al. 2005). Because reservoirs and
nonnative species are so pervasive in the Rio Grande,
it is highly likely that they influenced the zonation
results. For this same reason, however, it is difficult to
predict what a zonal pattern would look like in their
absence (Propst et al. 2008). A good starting point
would be to determine whether a consistent relation-
ship exists between reservoir surface area and nonna-
tive fish abundance. If so, this relationship might be
useful for predicting fish assemblage structure in the
absence of reservoirs.

Dams may also have a host of secondary or
functional effects on the Rio Grande, as outlined in
the ‘Serial Discontinuity Concept’ (Ward & Stanford
1983, 1995). These may include alteration of physi-
cochemical (e.g., water temperature and substrate
composition) gradients, as well as disruption of
ecological processes, such as nutrient spiralling and
primary and secondary production. For instance,
Platania (1991) noted that sediment trapping and deep
hypolimnetic release at Cochiti Dam altered physical
habitat below the dam, making it more suitable for the
Rio Grande chub (Gila pandora Cope) and flathead
chub (Platygobio gracilis Richardson). One prediction
of the Serial Discontinuity Concept that is particularly
relevant is the tendency for dams to reduce or
eliminate natural flow variability. Desert rivers such
as the Rio Grande are often characterised by flashy,
heterogeneous flows (Srinivasan et al. 1997; Propst
et al. 2008). However, dams reduce both the magni-
tude and frequency of high discharge events, resulting
in more homogeneous flows (Poff et al. 1997;
Humphries et al. 2008). This is important because
native fishes in arid regions are often adapted to highly
variable flows, while nonnative fishes generally are
not (e.g., Minckley & Mefee 1987; Pool et al. 2010).
Thus, flow regulation may confer selective benefits to
nonnative fishes, which are functionally more com-
patible with regulated, homogenous flows (Propst
et al. 2008; Carlisle et al. in press).

By focusing on the functional characteristics of Rio
Grande fishes, it may be possible to determine what
effect flow regulation has had on the observed
zonation. For example, Pool et al. (2010) showed that
native fish declines and nonnative increases in the
Lower Colorado River are associated with specific
life-history characteristics and strategies. Native fishes
in decline were often ‘periodic’ strategists – large-
bodies species that are slow to reach sexual maturity,
provide little parental care, prefer fast currents and
require fluvial environments to complete their life
histories. By contrast, nonnative invaders were often
‘equilibrium’ strategists – species that provide parental
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care, prefer slow currents and do not require fluvial
environments to complete their life histories. A similar
analysis could be performed for the Rio Grande if the
necessary life-history data, which would include
information on feeding and reproductive behaviours,
habitat preference, body size and fecundity (see Pool
et al. 2010), were appended to the species list shown
here in Appendix S1. This analysis would provide a
mechanistic framework for interpreting contemporary
fish distributions in the Rio Grande, and it might
ultimately allow one to predict historical or predistur-
bance zonation patterns.

Species–discharge relationship

Species–discharge relationships are aquatic analogues
of terrestrial species-area relationships. I therefore
expected that the Rio Grande fishes would exhibit
significant SDRs; the positive relationship between
species richness and ‘space’, be it in an aquatic or
terrestrial environment, is one of nature’s most robust
patterns (Rosenzweig 1995). The SDR analyses did,
however, reveal two unexpected results. First, the
ichthyofaunal zones did not perform well when used
as sampling units in the SDR analyses. Mean predicted
discharge was higher in the middle zone than the lower
zone, but species richness was consistently higher in
the lower zone than the middle zone (i.e., the middle
zone was below and to the right of the lower zone in
Fig. 5a,b,d). Thus, the middle and lower zones
reversed the expected trend, and the positive SDRs
that were observed in the zonal plots were likely
artefacts of the small sample size (i.e., three data
points). This was initially surprising because ichthy-
ofaunal zones have exhibited strong SDRs in both
Southeast (McGarvey & Ward 2008) and Pacific
Northwest (McGarvey & Hughes 2008) rivers. How-
ever, a cross-examination of the river profile and the
discharge model revealed the problem: the longitudi-
nal midpoint of the lower zone was located at river km
1575, at an elevation of �680 m (Fig. 1b), where river
flows were relatively low (see the 680-m elevation
point in Fig. 4). Predicted discharge in the lower zone
was therefore biased by upstream water withdraws,
and their effect (i.e., nonlinear downstream trend) on
the discharge model.

Second, the SDR analyses for individual river
segments showed that native freshwater, nonnative
freshwater and euryhaline species richness each appear
to track river discharge (Fig. 5a–c), but that these
relationships may be artefacts of the much stronger
SDR that is observed when all species are combined
(Fig. 5d). The superior fit of the all species SDR
suggests that fish species richness in the Rio Grande is
now a collective response to river discharge, and that
species richness per se can no longer be understood in

a ‘native versus nonnative’ context. Differential func-
tional responses of native and nonnative fishes may be
essential for predicting which species are most likely
to invade and ⁄or persist in the Rio Grande (see
discussion of fish functional characteristics above).
But the theory underlying the functional organisation
of fish assemblages does not yet predict the total
number of species that can coexist (see Poff & Allan
1995; Olden et al. 2006). This is why the combined
SDR shown in Fig. 5(d) is a novel contribution: it can
efficiently predict the number of co-occurring species
at any point within the Rio Grande.

Additional research is now needed to identify the
mechanism that links fish species richness to discharge
in the Rio Grande. Multiple studies have demonstrated
strong empirical correlations between species richness
and discharge, at local, regional and continental scales
(e.g., Oberdorff et al. 1995; Xenopoulos & Lodge
2006; McGarvey & Hughes 2008). However, these
studies have rarely tested and identified specific
mechanisms to explain the SDR. Discharge is a useful
index of the total ‘space’ available in lotic ecosystems,
but it is also a master variable that directly or indirectly
controls many other physicochemical habitat vari-
ables, such as sediment composition, woody debris,
turbidity and temperature (Leopold et al. 1995; Poff
et al. 1997; Church 2002). Because these habitat
variables can directly influence fish population dynam-
ics and assemblage structure (e.g., Matthews 1998;
Fausch et al. 2002), it is difficult to determine which
mechanisms drive the SDR. Furthermore, I used a
relatively coarse discharge measurement (mean annual
instantaneous discharge) that did not reflect temporal
variability. This may be particularly relevant in the Rio
Grande, where native fishes evolved in concert with
variable, periodic flows, but must now contend with
homogeneous, regulated flows; species that rely upon
a variable discharge regime to complete their life
histories will be at a disadvantage, even when mean
annual flow is adequate (Minckley & Mefee 1987;
Olden et al. 2006; Propst et al. 2008).

Nevertheless, SDRs are now basic tools in the study
of freshwater fish diversity and biogeography (Obe-
rdorff et al. 1995; Xenopoulos et al. 2005). They are
also being applied in fish conservation efforts (see
below). Identifying the mechanisms that drive the SDR
will certainly be a major advance. But it will not alter
the robustness or utility of the SDR. Like the terrestrial
species-area relationship, the SDR is powerful because
it can account for so much variability (in species
richness) with a single, easily measured variable.

Implications for management and conservation

In conclusion, two major results emerged from this
study, both of which have implications for the
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management and conservation of Rio Grande fishes: (i)
species composition exhibited distinct, zonal patterns
and (ii) species richness was associated with discharge
at the local (i.e., individual river segment) scale, but not
at the zone scale. Quantitative documentation of the
ichthyofaunal zonation is important because fish
assemblages within each zone are likely to face
different threats and to have different management
needs. In fact, Calamusso et al. (2005) have already
specified key challenges facing Rio Grande fishes in
each of the three freshwater zones. Major threats to
native fishes include competition with nonnative spe-
cies in the upper zone, water withdrawals in the middle
zone and physicochemical habitat degradation in the
lower zone. Calamusso et al. (2005) and others (e.g.,
Contreras-Balderas et al. 2002; Edwards et al. 2002;
Cowley et al. 2007) have also compiled extensive
records on the ecology of native and nonnative fishes in
most sections of the river. Thus, much of the informa-
tion needed to implement a zonal management scheme,
which could draw upon functional trait analyses to
target and protect individual species (see Olden et al.
2006; Pool et al. 2010), is already in place. What has
not been available to date is a quantitative, spatially
explicit model of ichthyofaunal zonation along the
entire Rio Grande. The zonation scheme of Calamusso
et al. (2005) has so far proven to be a useful guideline,
but it was a qualitative, conceptual model. The zonation
results presented here satisfy the need for a fully tested,
quantitative model.

The SDR is a valuable conservation tool because it
iterates that fish diversity can only be maintained with
adequate flow, and it shows that the link between
species richness and discharge is a local-scale phe-
nomenon. Species richness consistently tracked dis-
charge within 36 segments along the Rio Grande, and
it was responsive to extensive water withdraws in the
mid-reaches (at �1000-m elevation; see Fig. 4). Thus,
the SDR did not reflect a simple downstream
accumulation of flow and fish species. Furthermore,
the slope of the SDR can be used to forecast specific
changes in species richness as discharge fluctuates
(after transforming the discharge and richness values
to arithmetic units; see Botkin et al. 2007; Xenopoulos
& Lodge 2006; Olden et al. 2010). For example, if
additional irrigation withdraws reduced mean annual
instantaneous discharge from 30 m3Æs)1 to 15 m3Æs)1,
then fish richness would be expected to decrease from
28 to 24 species. This predictive capability may be
useful for conservation planning in the Rio Grande,
where diminished flows are recognised as a central
factor in the decline of native fishes (Rinne & Platania
1995; Contreras-Balderas et al. 2002; Calamusso et al.
2005), and further withdrawals are a continual threat
(Wong et al. 2007).
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Appendix S1. Species distributions within the ichthyofaunal zones.  Species presences are 

indicated by an 'X'.  Parenthetic letters indicate species' primary habitats: N = freshwater native; I 

= freshwater invasive; E = euryhaline; M = marine. 

  Zone 

Family Species Upper Middle Lower Estuary 

Lepisosteidae Atractosteus spatula (N)   X  

 Lepisosteus oculatus (N)   X  

 L. osseus (N)   X  

Elopidae Elops saurus (M)    X 

Anguillidae Anguilla rostrata (N)  X X X 

Ophichthidae Myrophis punctatus (M)    X 

Engraulidae Anchoa hepsetus (M)    X 

 A. mitchilli (M)   X X 

Clupeidae Alosa chrysochloris (M)    X 

 Brevoortia gunteri (N)   X X 

 B. patronus (M)   X X 

 Dorosoma cepedianum (M)  X X X 

 D. petenense (M)   X X 

 Etrumeus teres (E)    X 

 Harengula jaguana (M)    X 

 Sardinella aurita (I)    X 

Cyprinidae Campostoma anomalum (N)  X   

 C. ornatum (N)   X  

 Ctenopharyngodon idella (I)  X X  

 Cyprinella lutrensis (N)  X X  

 C. venusta (N)   X  

 Cyprinus carpio (I) X X X X 

 Gila pandora (N) X X X  

 Hybognathus amarus (N)  X X  

 Macrhybopsis aestivalis (N)   X  

 Notemigonus crysoleucas (I)  X   

 Notropis amabilis (N)   X  

 N. braytoni (N)   X  

 N. chihuahua (N)   X  

 N. jemezanus (N)   X  

 N. orca (N)   X  

 N. simus (N)  X   

 N. stramineus (N)   X  

 Pimephales promelas (N) X X X  

 P. vigilax (N)   X  

 Platygobio gracilis (N)  X   

 Rhinichthys cataractae (N) X X X  

Catostomidae Carpiodes carpio (N)  X X  

 Catostomus commersonii (I) X X X  

 C. plebeius (N) X X   

 Cycleptus elongatus (N)   X  

 Ictiobus bubalus (N)   X  

 Moxostoma austrinum (N)   X  

 M. congestum (I)   X  

Characidae Astyanax mexicanus (N)   X X 



Ictaluridae Ameiurus melas (I)  X   

 A. natalis (N)  X X  

 Ictalurus furcatus (N)   X  

 I. lupus (N)   X  

 I. punctatus (N)  X X  

 Pylodictis olivaris (I)   X  

Ariidae Ariopsis felis (M)   X X 

 Bagre marinus (M)    X 

Esocidae Esox lucius (I)   X  

Salmonidae Oncorhynchus clarkii virginalis (N) X    

 O. kisutch (I) X    

 O. mykiss (I) X X   

 O. nerka (I) X    

 Salmo trutta (I) X X   

 Salvelinus fontinalis (I) X    

 S. namaycush (I) X X   

Synodontidae Synodus foetens (M)    X 

Phycidae Urophycis floridana (M)    X 

Antennariidae Histrio histrio (M)    X 

Mugilidae Agonostomus monticola (E)   X X 

 Mugil cephalus (E)   X X 

 M. curema (E)   X X 

Atherinopsidae Menidia beryllina (E)   X X 

 M. peninsulae (M)    X 

 Membras martinica (E)   X X 

Belonidae Platybelone argalus (E)    X 

 Strongylura marina (M)   X X 

Fundulidae Fundulus grandis (E)   X X 

 F. kansae (E)   X  

 F. similis (I)    X 

 F. zebrinus (N)  X   

 Lucania parva (N)  X X  

Poeciliidae Gambusia affinis (N)  X X  

 G. speciosa (I)   X  

 Poecilia formosa (N)   X X 

 P. latipinna (N)   X X 

Cyprinodontidae Cyprinodon eximius (N)   X  

 C. variegatus (E)   X X 

Syngnathidae Syngnathus louisianae (M)    X 

 S. scovelli (M)    X 

Scorpaenidae Scorpaena plumieri (M)    X 

Triglidae Prionotus tribulus (M)    X 

Centropomidae Centropomus parallelus (E)    X 

 C. undecimalis (E)   X X 

Moronidae Morone chrysops (I)  X X  

 M. saxatilis (I)   X X 

Serranidae Diplectrum bivittatum (M)   X X 

 D. formosum (M)   X X 

Centrarchidae Lepomis auritus (I)   X  

 L. cyanellus (N)  X X  



 L. gulosus (I)   X  

 L. macrochirus (I)  X X  

 L. megalotis (I)   X  

 L. microlophus (I)   X  

 Micropterus dolomieu (I)  X X  

 M. salmoides (I)  X X  

 Pomoxis annularis (I)  X X  

 P. nigromaculatus (I)  X X  

Percidae Etheostoma gracile (N)   X  

 Perca flavescens (I)  X X  

 Sander vitreus (I)  X X  

Pomatomidae Pomatomus saltatrix (M)    X 

Rachycentridae Rachycentron canadum (M)    X 

Carangidae Caranx hippos (M)   X X 

 Chloroscombrus chrysurus (M)    X 

 Hemicaranx amblyrhynchus (M)    X 

 Oligoplites saurus (M)    X 

 Selene vomer (M)    X 

 Trachinotus carolinus (M)    X 

 T. falcatus (M)    X 

Lutjanidae Lutjanus analis (M)    X 

 L. apodus (M)    X 

 L. campechanus (M)    X 

 L. griseus (M)    X 

 L. synagris (M)    X 

Lobotidae Lobotes surinamensis (M)    X 

Gerreidae Diapterus auratus (E)    X 

 D. rhombeus (E)    X 

 Eucinostomus argenteus (M)   X X 

 E. gula (M)    X 

 E. melanopterus (E)    X 

Haemulidae Orthopristis chrysoptera (E)    X 

 Pomadasys crocro (E)    X 

Sparidae Archosargus probatocephalus (M)    X 

 Lagodon rhomboides (M)    X 

Sciaenidae Aplodinotus grunniens (M)   X  

 Bairdiella chrysoura (M)    X 

 B. ronchus (N)    X 

 Cynoscion arenarius (M)    X 

 C. nebulosus (M)    X 

 Leiostomus xanthurus (E)    X 

 Menticirrhus littoralis (M)    X 

 Micropogonias undulatus (M)    X 

 Pogonias cromis (M)    X 

 Sciaenops ocellatus (M)   X X 

Cichlidae Cichlasoma cyanoguttatum (I)   X  

 Oreochromis aureus (N)   X  

Pomacentridae Abudefduf saxatilis (M)    X 

 A. taurus (M)    X 

Blenniidae Hypleurochilus geminatus (M)    X 



Gobiesocidae Gobiesox strumosus (M)    X 

Eleotridae Dormitator maculatus (E)   X X 

 Gobiomorus dormitor (E)   X X 

Gobiidae Awaous banana (M)   X  

 Bathygobius soporator (E)    X 

 Ctenogobius boleosoma (M)    X 

 Evorthodus lyricus (M)    X 

 Gobionellus oceanicus (E)    X 

 Gobiosoma robustum (I)    X 

Sphyraenidae Sphyraena barracuda (M)    X 

Paralichthyidae Citharichthys macrops (M)    X 

 C. spilopterus (M)    X 

 Paralichthys lethostigma (M)    X 

Achiridae Achirus lineatus (M)    X 

Cynoglossidae Symphurus plagiusa (M)    X 

Monacanthidae Stephanolepis hispidus (M)       X 
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