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Abstract. Increasing human populations have resulted in aggressive water development in
arid regions. This development typically results in altered stream flow regimes, reduced annual
flow volumes, changes in fluvial disturbance regimes, changes in groundwater levels, and
subsequent shifts in ecological patterns and processes. Balancing human demands for water
with environmental requirements to maintain functioning ecosystems requires quantitative
linkages between water in streams and ecosystem attributes. Streams in the Sonoran Desert
provide important habitat for vertebrate species, including resident and migratory birds.
Habitat structure, food, and nest-building materials, which are concentrated in riparian areas,
are provided directly or indirectly by vegetation. We measured riparian vegetation,
groundwater and surface water, habitat structure, and bird occurrence along Cherry Creek,
a perennial tributary of the Salt River in central Arizona, USA. The purpose of this work was
to develop an integrated model of groundwater–vegetation–habitat structure and bird
occurrence by: (1) characterizing structural and provisioning attributes of riparian vegetation
through developing a bird habitat index (BHI), (2) validating the utility of our BHI through
relating it to measured bird community composition, (3) determining the riparian plant species
that best explain the variability in BHI, (4) developing predictive models that link important
riparian species to fluvial disturbance and groundwater availability along an arid-land stream,
and (5) simulating the effects of changes in flow regime and groundwater levels and
determining their consequences for riparian bird communities. Riparian forest and shrubland
vegetation cover types were correctly classified in 83% of observations as a function of fluvial
disturbance and depth to water table. Groundwater decline and decreased magnitude of fluvial
disturbance caused significant shifts in riparian cover types from riparian forest to shrublands.
Variability in the BHI was best explained by the cover of deciduous riparian tree species,
primarily Populus fremontii, Platanus wrightii, and Salix gooddingii. The distributions of these
plant species were well explained by the depth to groundwater and magnitude of fluvial
disturbance along the stream. Bird species diversity and richness were significantly higher in
sites with higher habitat indices. This quantitative linkage between surface and groundwater,
plant species composition, habitat complexity, and bird communities has implications for
water management and in determining environmental flows.

Key words: avian; bird; environmental flows; groundwater; habitat index; instream flow; Populus
fremontii; riparian; stream; stream flow; Tamarix ramosissima.

INTRODUCTION

Relationships between habitat structure and verte-

brate species diversity are well established in the

ecological literature (MacArthur and MacArthur

1961). For example, MacArthur (1964) found that the

vertical distribution of foliage was important in explain-

ing forest bird (warbler) species richness. More struc-

turally and compositionally diverse habitats often

provide greater extent and more varied resources for a

larger number of species than do more compositionally

and structurally homogeneous habitats (Roth 1976,

Powell and Steidl 2000, 2002, Tews et al. 2004,

McElhinny et al. 2005, Kissling et al. 2008). We define

habitat in terms of vegetation structure and provisions

(sensu Canterbury et al. 2000).

The distribution, composition, and abundance of

riparian vegetation along streams are determined in

large part by fluvial disturbance and moisture availabil-

ity, both of which are functions of hydrologic regime

(Merritt and Poff 2010, Stromberg et al. 2010). Biota are

particularly vulnerable to altered flows along arid-land

streams. For example, reduced flooding and physical

Manuscript received 21 February 2012; accepted 13 March
2012; final version received 5 April 2012.

4 E-mail: dmmerritt@fs.fed.us

1973

SRP16794



disconnection of rivers from floodplains reduces off-

channel habitats, such as sidearms, oxbow lakes, wet
meadows, and marshes (Gore and Shields 1995, Nilsson

and Berggren 2000), causes native riparian tree mortality
(Scott et al. 1999, Shafroth et al. 2000, Lite and

Stromberg 2005), and can benefit nonnative riparian
trees (e.g., Tamarix; Cleverly et al. 1997, Pockman and
Sperry 2000, Horton et al. 2001a, c, Merritt and Poff

2010).
Linking stream flow, groundwater, vegetation struc-

ture, and riparian bird community composition through
the development of a habitat index (bird habitat index,

hereafter BHI or index) has not been explicitly
described. Our approach builds upon indices of habitat

heterogeneity developed by others (Wiens 1974, Free-
mark and Merriam 1986) and expands recent research

linking hydrology to terrestrial wildlife (Bateman et al.
2008, Brand et al. 2010, 2011). Our model relates

riparian habitats to hydrology, namely stream flow and
groundwater levels. Lastly, we test our model of

predicted habitat indices using observed bird abun-
dance, diversity, and richness, thereby linking instream

flows to bird habitat.
The aim of our study was to determine the relation-

ships between surface flows and fluvial disturbance,
groundwater levels, characteristics of the riparian

vegetation, and measures of the avian community. Our
research objectives included: (1) characterizing structur-

al and provisioning attributes of riparian vegetation
through developing a bird habitat index (BHI), (2)
validating the utility of our BHI through relating it to

measured bird community composition, (3) determining
the riparian plant species that best explain the variability

in BHI, (4) developing predictive models that link
important riparian species to fluvial disturbance and

groundwater availability along an arid-land stream, and
(5) simulating the effects of changes in flow regime and

groundwater levels to determine the consequences of
groundwater decline for bird communities along an arid-

land stream in the Sonoran Desert.

METHODS

Field study design

Cherry Creek (see Plate 1) is a perennial stream in the
Sonoran Desert in central Arizona, United States

(Appendices A and B). The stream is located on the
Tonto National Forest at 516753E, 3729660N (UTM

coordinates). Cherry Creek derives water from local
groundwater sources (e.g., springs and seeps) and

monsoon-driven precipitation. The watershed area
above our study site is 721 km2. Cherry Creek along

our study reach is braided and dynamic during episodic
extreme floods.

We measured woody vegetation in 12 m diameter (113
m2) circular plots oriented along transects established

perpendicular to the stream. We placed 14 transects
systematically at 50-m intervals along the length of the

stream. Four to six plots were established along each

transect, with streamside plots placed at a distance of 6

m from the active channel on either side of the stream.

Subsequent plots were placed at 20-m intervals along

each transect for a total of 95 plots.

Hydrologic conditions

Groundwater measurements.—To determine the rela-

tionships between surface and groundwater, a grid of

eight groundwater wells was established in 2008 and

seven additional wells were established in 2009. Wells

were installed along three transects spanning the width

of the riparian zone and separated by 100 m along the

length of the valley. Along each transect, one well was

placed immediately adjacent to the stream to serve as a

staff gage to measure water surface level of the stream.

All wells and staff gages were instrumented with Hobo

U20 (Onset Computer Corporation, Pocasset, Massa-

chusetts, USA) or Solinst Levelogger Gold (model 3001)

water level loggers (Solinst Canada Limited, George-

town, Ontario, Canada). Depth to water (60.5 cm) and

temperature (60.18C) were measured at 15-min inter-

vals. One well was instrumented with an unsubmerged

pressure transducer to measure atmospheric pressure to

correct groundwater measurements for barometric

changes.

Stream measurements.—Stream flow was measured

over a range of flows (0.057–1.42 m3/s) when the study

site was visited between July 2008 and October 2009.

Rating curves were constructed using stage (measured

by hand when discharge was measured and continuously

using a pressure transducer), and used to relate

discharge to surface stage and groundwater levels. The

stream flow record from Cherry Creek near Globe (U.S.

Geological Survey, USGS stream flow gage 09497980)

was obtained and exceedance probabilities (percentage

of the time that each daily flow value is equaled or

exceeded) calculated and plotted for the period between

May 1965 and October 2009. Flood frequency and

recurrence interval of flooding was calculated from a

time series of instantaneous peak flow for the period

1965 to 2008, following USGS guidelines (USGS 1988).

Each vegetation plot and groundwater well, as well as

a detailed topography of the site, was surveyed by a

USGS hydraulic modeling team using a Trimble survey

grade global positioning system (Trimble Navigation

Systems, Sunnyvale, California, USA)(GPS; Waddle

and Bovee 2009). The survey equipment consisted of

Trimble 5800 and R8 receivers using real-time kinematic

positioning (RTK) and multipath reduction. Such

survey-grade systems use carrier phase processing that

enables centimeter accuracy. A Leica TC800 total

station (Leica Camera, Allendale, New Jersey, USA)

was used to survey areas where the GPS equipment

could not be used. All data were recorded in Universal

Transverse Mercator (SI) coordinates, zone 12 N, using

the WGS84 horizontal datum, and the NAVD88 vertical

datum. Hydraulic models were developed by the USGS

modeling team using River 2-D, a two-dimensional,
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depth-averaged, finite-element hydrodynamic model

(University of Alberta, Canada; Waddle and Bovee

2009). These models provided an estimate of depth and

velocity for every cell in our study area (converted to a

triangulated irregular network) over a range of dis-

charges (0.13–283 m3/s).

Water table measurements.—To estimate depth to

water table in the vegetation sampling plots, we used a

spline fit to interpolate a groundwater surface (0.3-m

grid size) within our groundwater well grid. We used

measurements from a period of stable, low stream flow

(0.13 m3/s; 5 October 2009) to avoid confounding effects

of groundwater recharge or discharge related to floods

or pulses in stream flow. Surveyed elevations of each

plot enabled us to calculate the depth to groundwater at

each of the vegetation plots over the modeled range of

flows. To calculate average rooting depth of P. fremontii

along our study reach, we excavated six individuals

ranging in age from 10 to 16 years old using a backhoe.

In these excavations, we measured rooting depth and

depth to water table at the time of excavation.

Vegetation and index development

Vegetation measurements.—Multiple structural attri-

butes (e.g., plant size variation, cover, and vertical

distribution of foliage) and the relative abundance of

each of these attributes determine structural complexity

of avian habitat (McElhinny et al. 2005). To quantify

habitat complexity, we measured 18 vegetation charac-

teristics at each plot (Table 1).

Variables measured to quantify avian habitat included

plant species abundance (percent cover and basal area)

and size of woody species. Stem size and stem size

diversity were determined by calculating the quadratic

mean and standard deviation of selected woody species

occurring within each circular plot. Quadratic mean

diameter corresponds to basal area, stand volume, and

other ecologically important stand characteristics, and

therefore is preferred to arithmetic mean for character-

izing size classes of woody vegetation (Curtis and

Marshall 2000).

Woody vegetation cover was measured as the percent

canopy cover of all woody vascular plant species 1 m

aboveground. Stem diameter of every stem present was

measured using calipers for several woody species of

particular interest: Platanus wrightii (Arizona syca-

more), Alnus oblongifolia (Arizona alder), Populus

fremontii (Fremont cottonwood), Salix gooddingii

(Goodding willow), Tamarix ramosissima (saltcedar),

S. exigua (sandbar willow), Fraxinus velutina (velvet

ash), and Juglans major (Arizona walnut). Though

herbaceous riparian species may be more vulnerable

than woody species to minor groundwater declines

(Stromberg et al. 1996, Stromberg in Haney et al.

2008), we focused upon woody species here due to the

central role of woody vegetation in governing avian

habitat structure. However, due to the role of herba-

ceous vegetation in providing other resources (nest-

building material, food, and other provisions), cover of

herbaceous vegetation was also measured.

We measured foliage height diversity and percent

vegetation cover using the pole method described by

Carothers (1974) at five points within each circular plot.

Measurements were taken from the center point of each

plot and at four additional points, sampled 3 m away

from the center point in each of the cardinal directions.

Foliage height diversity was estimated by tallying the

number of times living vegetation intersected a 10 cm

disk surrounding the pole at each height class (e.g., 0–

0.013 m, 0.013–0.6 m, 0.6–1.5 m, 1.5–3.0 m, 3.0–4.5 m,

4.5–6.0 m, 6.0–9.0 m, and .9.0 m). Diversity was

calculated with the Shannon diversity index (H ). Percent

vegetation cover was determined by estimating cover in

each of four height classes (0–1.5, 1.6–4.0, 4.1–9.0 and

.9 m), using modified Braun-Blanquet cover classes

(.1%, 1–5%, 6–25%, 26–50%, 51–75%, and 76–100%;

Braun-Blanquet 1965). Height classes corresponded to

distinct vegetation community types found at the site

(i.e., herbaceous plants, shrubs, and trees).

BHI development.—We related avian habitat to

instream flows by first developing a bird habitat index

by using a subset of ecologically important variables

measured at each plot. To construct the BHI, we

included only those variables with high factor weight-

ings in principal components analysis (PCA; Appendix

C). Variables were identified based upon the number of

significant factors determined by scree plots, factors with

eigenvalues �1, and significance (P � 0.05) as deter-

mined by the broken-stick model (Legendre and

Legendre 1998). Therefore, BHI included variables that

TABLE 1. Variables included in the bird habitat index
(boldface type) used to describe habitat structural complexity
along Cherry Creek, Arizona, USA (n ¼ 54).

Bird habitat variables
Values across all
plots (mean 6 SE)

Canopy cover (%) 54.5 6 35.4
Basal area (cm

2
/plot) 449.3 6 737

Quadratic mean woody diameter 4.12 6 4.8
Quadratic standard deviation woody

diameter
4.1 6 5.4

Riparian tree overstory cover (%) 23.0 6 32.3
Abundance of seedlings 72.4 6 199.9
Foliage height diversity (H0) 1.1 6 0.5
Foliage hits 7.3 6 4.7
Foliage height diversity (H0) 0–1.5 m 0.74 6 0.33
Mean vegetation cover height class 1 (%) 2.2 6 1.0
Mean vegetation cover height class 2 (%) 1.2 6 0.2
Mean vegetation cover height class 3 (%) 0.6 6 1.3
Mean vegetation cover height class 4 (%) 0.3 6 1.0
Standard deviation vegetation cover

height class 1 (%)
1.2 6 0.5

Standard deviation vegetation cover height
class 2 (%)

1.1 6 0.7

Standard deviation vegetation cover
height class 3 (%)

0.5 6 0.9

Standard deviation vegetation cover
height class 4 (%)

0.3 6 0.8

Sandy substrate (%) 0.57 6 0.31
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contributed to significant factors in the PCA, reduced

redundancy and collinearity, and did not significantly

differ from the index produced using the full model. We

standardized (mean¼0 and standard deviation¼1) each

of the selected variables and calculated their sum, which

gave us a habitat index for each vegetation plot. This

index was set to values between 0 and 1.

Avian community measurements

Point count sampling.—We sampled the bird commu-

nity at 25 point count stations three to four times during

the avian breeding and migratory seasons in May 2010.

Stations were selected by stratifying across plots with

low, medium, and high BHI scores. We used a 20-m

fixed-radius point centered on vegetation plots. Stan-

dard procedures call for a 25 m radius (Hutto et al.

1986); however, a smaller radius was used to increase the

chances of detecting all birds in a smaller area. Similar

to Bibby et al. (1985), our point count stations were

spaced �60 m apart. Two trained observers visited each

station, and we reversed the order in which stations were

surveyed between visits. Counts began 1 hour after dawn

and lasted �4 hours. Observers counted birds seen and

heard for 10 minutes at each station. Surveys began

immediately upon arrival at the station and included

birds flushed by the observer.

We calculated per-point bird abundance, diversity

(Simpson diversity index), and richness. Abundance was

calculated as the greatest number of individuals of each

species seen or heard per point during any given survey.

This method conservatively estimated abundance and

ensured that we did not count individuals twice.

Diversity and richness measurements used counts from

points visited during all four surveys.

Data analysis

To relate avian habitat to instream flows, we

compared BHI scores across the riparian floodplain

including hydro- and mesoriparian areas (sensu Strom-

berg et al. 2008). Woody vegetation was classified into

distinct cover types using two-way indicator species

analysis (TWINSPAN), a hierarchical, divisive cluster

analysis technique (Hill and Šmilauer 2005). BHI scores

were compared among vegetation cover types using

analysis of variance (ANOVA), and in cases of

significant differences we conducted pairwise compari-

sons (Tukey’s adjustment) to determine which plant

communities significantly differed in habitat quality. If

the diversity of habitat significantly differed among

vegetation cover types, we related habitat indices to

specific woody species abundances that were dominant

components of those cover types. To validate our

habitat model, we related BHI to bird community

abundance, diversity, and richness using linear regres-

sion. We determined relationships between dominant

tree and shrub species and the habitat index using linear

regression.

We used logistic regression to classify measured

vegetation plots into vegetation cover types based upon

depth to groundwater and fluvial disturbance. Flow

velocity at a discharge of 283 m3/s (exceeded 0.01% of

the time; 80-year recurrence interval) was used as a

surrogate for intensity of fluvial disturbance. Twenty-

seven of the vegetation plots were located outside of the

area covered by hydraulic modeling. The remaining 68

plots were used for habitat modeling. Mean velocity in

each vegetation quadrat was calculated. We chose

groundwater at low flow to model cover types (ground-

water levels corresponding to a stable period of stream

flow of 0.13 m3/s; exceedance probability 88%). We

combined Populus-dominated cover types into a single

‘‘riparian forest’’ cover type, shrub-dominated cover

types into a single ‘‘shrubland’’ cover type. We also used

logistic regression to model presence–absence of two

important species in each of the cover types as a function

of depth to water table and intensity of fluvial

disturbance; P. fremontii was modeled to represent the

forest cover type and Baccharis sarothroides to represent

the shrub cover types. We used these models to predict

change in the presence of forest, shrubland, P. fremontii,

and B. sarothroides in response to altered groundwater

levels and reduction in the intensity of disturbance. This

was accomplished through modeling vegetation re-

sponse to an imposed lowering of groundwater levels

in ArcGIS, and examining vegetation change while

holding disturbance intensity constant. We then mod-

eled vegetation change in response to lowered distur-

bance intensity while holding depth to groundwater

constant. Disturbance intensity was represented by

velocity in each of the 17 000 5.3-m2 grid cells in the

study area at 283, 142, 108, 71, 57, 28, 21, and 14 m3/s.

Probability of occurrence of each cover type was

calculated for each grid cell using spatial analysis in

ArcGIS 9.3.1 (ESRI, Redlands, California, USA). The

number of grid cells in which probability of occurrence

was .0.50 was counted and the area of cells with

predicted presence calculated. We evaluated the predic-

tive ability of models (logistic and logistic discriminant

analysis) in classifying: (1) vegetation cover types, (2)

consolidated cover types (shrubs and riparian forest),

and (3) individual species representing each cover type

by comparing cross-validation error rates and likelihood

ratio.

SAS Stat 9.3 (SAS 2011) was used for all statistical

analyses. We evaluated logistic regression model (and

logistic discriminant analysis) fit using likelihood ratio

and Hosmer-Lemeshow goodness-of-fit tests. Linear

regression, power functions, and Spearman rank corre-

lation were used as appropriate. For other statistical

tests, when data complied with assumptions of normal-

ity and equal variance we used t tests and ANOVA;

when data did not comply with assumptions we used

nonparametric tests (e.g., Mann-Whitney U test or

Kruskal-Wallis test; Zar 1996).
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RESULTS

Groundwater and surface water interactions

Stream flow.—Discharge measurements taken along

the reach were associated with those measured at the

USGS stream flow gage 15 km upstream (QUSGS ¼
1.47Qstudy

0.84; r2 ¼ 0.91, P , 0.0001). Modeled velocity

at a flow of 283 m3/s ranged from 0 to 4.88 m/s in the

vegetation plots.

Groundwater.—From November 2008 through Octo-

ber 2009, the study area experienced one frontal

rainstorm resulting in three major peaks in stream flow.

Over the course of the storm, discharge measured at the

USGS stream flow gage ranged from a low of 0.17 m3/s

to a high of 106 m3/s. Three flood pulses during the

measurement period provided an opportunity to exam-

ine groundwater recharge, stage, and discharge associ-

ated with high-flow events, and to develop a better

understanding of the linkages and lag times between

stream flow, stage, and groundwater levels.

Average daily depth to groundwater was significantly

related to daily average discharge measured at the

USGS gage several kilometers upstream (r2¼ 0.67; P ,

0.0001). Groundwater profiles indicated that the main

channel is losing water to floodplain alluvium across a

range of flows (0.28 to 13.6 m3/s). Surface and

groundwater measurements indicate that flow in Cherry

Creek is the principal source of water supporting

groundwater levels across the floodplain.

Average rooting depth of excavated P. fremontii was

1.74 6 0.22 m (mean 6 SE; range 1.25 to 2.51 m) and all

roots terminated at or within a decimeter below the low-

flow water table (Merritt et al. 2010).

Hydrological and vegetation relations

Vegetation cover types.—We identified 30 species of

woody plants in 95 vegetation plots sampled along

Cherry Creek. Species richness ranged from 0 (bare

plots) to 11 species, and cover ranged from 0% to 250%

(multilayered canopies exceed 100% cover).

The most frequently occurring vegetation cover types

in the 95 plots sampled were Populus–Salix gooddingii–

Platanus–Tamarix (20% of plots) followed by Populus–

Salix gooddingii–Baccharis salicifolia–Hymenoclea and

Hymenoclea–Baccharis sarothroides which both oc-

curred in 18% of plots. The least frequent cover types

were Salix gooddingii–Baccharis salicifolia (3%) and

Prosopis–Baccharis sarothroides–Hymenoclea–Acacia

greggii (4%). Intermediate frequency cover types includ-

ed Hymenoclea, Hymenoclea–Tamarix, and Tamarix–

Populus–Salix. There were significant differences in BHI

between vegetation types (F8,84¼ 2.6, P¼ 0.01). A linear

contrast between shrub-dominated cover types and tree-

dominated cover types indicated that BHI was signifi-

cantly higher in tree-dominated vegetation compared to

shrublands (P ¼ 0.0007). BHI in the Populus–Salix–

Platanus cover type was significantly higher than in both

Hymenoclea and Hymenoclea–Baccharis sarothroides

cover types (P , 0.05; Fig. 4).

Logistic discriminant analysis did a poor job of

discriminating between the nine classified vegetation

cover types. Neither physical disturbance (P ¼ 0.07) or

depth to groundwater (P ¼ 0.2) were significant

discriminators. Likelihood ratio (LR) for this model

was significant (P ¼ 0.01); however only 6.2% of the

plots were correctly classified.

The discriminant function correctly classified 83.2% of

the consolidated cover types: riparian forest or shrub-

land. The model was significant (LR, P , 0.0001;

Hosmer-Lemeshow (HL) goodness-of-fit P ¼ 0.55).

Depth to groundwater (P ¼ 0.03) and magnitude of

fluvial disturbance (P ¼ 0.05) were both significant in

discriminating between forest and shrub cover types. At

the stable modeled flow, depth to groundwater in the

riparian forest cover types averaged 1.1 6 0.10 m (mean

6 standard error) and 1.7 6 0.06 m in shrublands.

Average velocity was 2.6 6 0.20 m/s in riparian forest

and 1.3 6 0.15 m/s in the shrubland cover type.

The logistic regression model predicting P. fremontii

presence was significant (LR, P , 0.0001; HL, P¼0.67).

On average, 81.9 plots were correctly classified, and

depth to groundwater was significant (P ¼ 0.04).

Physical disturbance did not significantly contribute to

the model (P ¼ 0.08). The logistic regression model of

Baccharis sarothroides was also significant (LR, P ¼
0.0005; HL, P¼ 0.27), and 76.0% of classifications were

correct. Disturbance magnitude was a significant pre-

dictor of B. sarothroides presence–absence (P ¼ 0.006),

and depth to groundwater was not (P ¼ 0.6). Distur-

bance magnitude had a negative effect on B. sarthroides

presence.

P. fremontii was predicted to occupy 3.1 ha (35%) of

the study area, whereas the dominant shrub species B.

sarothroides had high probability of occupying 5.4 ha

(60%) of the study area. This reflects measured

frequencies of P. fremontii and B. sarothroides, which

occurred in 44% and 54% of plots, respectively. The

cover of shrub vegetation increased from 5.4 to 6.7 ha

as a function of groundwater falling 2 m below base

level. In contrast, forest cover (Populus-dominated)

decreased 88% (to 0.37 ha) as a function of a 2-m

groundwater decline (Fig. 1a). The relative frequency

of riparian forest to shrubland decreased significantly

as a function of increasing depth to groundwater,

ranging from 58% at base groundwater level to 5% at 2

m below base level (Figs. 1a and 2). A simulated

groundwater decline of 2 m below base level resulted in

a nearly complete loss of riparian forest and conversion

of the valley bottom to shrubland. Predicted loss of

riparian forest averaged 4% per decimeter of ground-

water decline (Fig. 1a).

In simulations with peak discharge reduced by half

(groundwater kept at base level), the areal extent of

Populus-dominated riparian forest cover fell by 25% and

shrubland increased by nearly 30% (Fig. 1b). Incremen-
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tal reductions in velocity across the floodplain associated

with reduced magnitude of peak flow resulted in a 55%
reduction in P. fremontii cover and an increase in B.

sarothroides cover by nearly 60% (to Fig. 1b). Reduc-

tions in peak discharge by 94% (from 238 to 14 m3/s)

resulted in P. fremontii reduction from 35% (3.1 ha) of

the valley bottom to 16% (1.4 ha), and an increase in B.

sarothroides from 60% (5.4 ha) to 96% (8.6 ha).

Modeling vegetation as a function of depth to

groundwater and fluvial disturbance.—Depth to ground-

water was an important driver of riparian tree species

presence (Fig. 3) and abundance (basal area and cover)

along Cherry Creek. Riparian tree species were more

common in areas with shallow groundwater. For

example, Populus, Salix, and Tamarix (Fig. 3) were

more likely to occur in areas with shallow groundwater

(,1.5 m deep), whereas B. sarothroides was common in

sites with groundwater depths exceeding 3 m. Populus

occurred in areas with both high moisture availability

and high disturbance, whereas B. sarothroides, H.

monogyra, and other shrubs (with the exception of

Tamarix) were excluded from areas with high fluvial

disturbance, but were not sensitive to depth to

groundwater (Fig. 5).

FIG. 1. Areal extent of riparian forest (represented by Populus fremontii ) and shrubland (represented by Baccharis sarothroides)
as a function of (a) lowering groundwater levels and (b) intensity of fluvial disturbance along Cherry Creek, Arizona, USA. Logistic
regression was used to predict the probability of occurrence of each of these species as a function of (1) groundwater levels,
measured when the stream was at baseflow (0.127 m3/s) and (2) velocity at extreme high flow (283 m3/s). Velocity at each vegetation
plot at this extreme high flow represents the degree of fluvial disturbance to which locations across the floodplain are subjected.
Velocities associated with incrementally lower discharges were calculated for all cells in the floodplain using a 2-D hydraulic model.
In modeling forest and shrubland response to groundwater decline, fluvial disturbance was held constant [panel (a)]; groundwater
levels were held constant as velocity corresponding to incrementally reduced peak flows was modeled [panel (b)]. All cells with a
predicted probability of occurrence of forest or shrubland of 0.5 or greater were aggregated, and the areal extent of likely presence
of each cover type presented. Forest dominance is the ratio of forest to shrubland. Refer to Hydrologic conditions; Stream
measurements and Data analysis in Methods for further explanation.
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FIG. 2. (a) The probability of occurrence of Populus fremontii at base groundwater level (associated with a low stream flow of
0.127 m3/s) along Cherry Creek, Arizona, USA. Models showing the probability of P. fremontii occurrence with groundwater levels
lowered (b) 0.5 m, (c) 1.5 m, and (d) 2.0 m below base level are shown. The area of likely Populus fremontii occurrence declines 88%
(from 3.1 ha to 0.37 ha) as a function of a 2-m decline in groundwater below base level. Refer to Methods for modeling details.
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Vegetation and habitat relations

Bird surveys.—Overall, 59 species of birds were

identified within the 20-m fixed-radius points. The most

frequently sighted birds were the Yellow Warbler

(Dendroica petechia), Wilson’s Warbler (Wilsonia pusil-

la), Bell’s Vireo (Vireo bellii ), and Summer Tanager

(Piranga rubra). Less common bird species observed

only once included: Abert’s Towhee (Pipilo aberti ),

Anna’s Hummingbird (Calypte anna), Ash-throated

Flycatcher (Myiarchus cinerascens), Black-headed Gros-

beak (Pheucticus melanocephalus), Brewer’s Sparrow

(Spizella breweri ), Brown-headed Cowbird (Molothrus

ater), Bullock’s Oriole (Icterus bullockii ), Lucy’s War-

bler (Vermivora luciae), MacGillivray’s Warbler

(Oporornis tolmiei ), Rock Wren (Salpinctes obsoletus),

Song Sparrow (Melospiza melodia), Verdin (Auriparus

flaviceps), Warbling Vireo (Vireo gilvus), and Yellow-

rumped Warbler (Dendroica coronata).

Bird Habitat Index (BHI).—The most parsimonious

BHI included seven variables (Table 1) quantifying

diversity of vegetation height and size and foliage cover

(PCA analysis; factors 1 and 2, P ¼ 0.05). This model

avoided collinearity and did not significantly differ from

the full model of 15 variables (r2 ¼ 0.98, P , 0.0001).

Habitat indices were significantly positively related to

native riparian tree cover (Figs. 4–6), whereas indices

showed no relation to nonnative tree and shrub cover

(Fig. 5).

BHI was validated by having a significant positive

association with bird community diversity, species

richness, and abundance. None of the points with

indices �0.3 had more than three species of birds

observed during surveys, and many of these points had

no species. Habitat indices �0.6 had bird species

richness values averaging 4 to 6 and as high as 12.

DISCUSSION

Our BHI and models of groundwater and fluvial

disturbance are unique in that we were able to predict

changes in the spatial distribution of native riparian

FIG. 3. Probability of Populus fremontii, Salix gooddingii, Tamarix ramosissima, and Hymenoclea monogyra occurrence in
relation to groundwater depth along a perennial stream, Cherry Creek, Arizona, USA. Points represent plots with absences (0) and
presences (1) of plant species; shaded areas are 95% confidence intervals. Models were significant and correctly predicted Populus
presence in 75% of the observations (likelihood ratio, P , 0.0001; Hosmer-Lemeshow goodness-of-fit, P¼ 0.8), Salix presence for
77% of the observations (likelihood ratio, P , 0.0001; Hosmer-Lemeshow goodness-of-fit, P¼0.2), Tamarix presence in 63% of the
observations (likelihood ratio, P ¼ 0.03; Hosmer-Lemeshow goodness-of-fit, P ¼ 0.6), and Hymenoclea presence in 80% of
observations.
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deciduous woodland, which is an important component

of riparian bird habitat (Figs. 1 and 2). The most

important findings relevant to riparian habitat and

management of environmental flows were that: (1)

habitat structural characteristics can be quantified in

an index, (2) our index was validated by point count

surveys of birds to quantify diversity, richness, and

abundance, (3) the BHI is positively related to cover of

native deciduous trees, and (4) predicted native tree

cover declines by 88% when groundwater levels are

lowered 2 m below base-level, effectively decreasing the

extent of the floodplain available to provide structurally

diverse habitat (Figs. 1, 2, and 8).

Stream flow, groundwater, and habitat maintenance

Multiple lines of evidence suggest that, because the

alluvial groundwater is derived primarily from surface

flow in Cherry Creek, reductions in stream flow (due to

water development, climate change, or their combined

effects) would have quantifiable negative consequences

for riparian forest species and associated bird habitat

characteristics and quality. Our data and other studies

from this arid region suggest that the consequences of

reduced stream flow include: reduction in spatial extent

of potential habitat for dominant riparian forest species,

conversion of complex riparian forest cover types to

structurally and compositionally simple shrubland

(Busch et al. 1992, Pockman and Sperry 2000),

reductions in bird habitat structure (as reflected in the

BHI), and reduced bird diversity and species richness

(Fig. 2). The risk of such a conversion of complex

riparian wildlife habitat to simplified habitat resembling

adjacent terrestrial desert habitat increases as a function

of stream flow reduction and associated groundwater

decline (Fig. 1). Maintenance of high flows and

associated fluvial disturbance is important for prevent-

ing encroachment and dominance by disturbance-

intolerant shrubs.

Many of the riparian plant species responsible for high

bird habitat complexity are considered obligate riparian

species due to their reliance upon shallow water tables

(Haney et al. 2008). Members of the Salicaceae are highly

vulnerable to water stress which may result in leaf wilting,

leaf loss, xylem cavitation, and branch or crown mortality

and reduced cover when roots lose contact with

groundwater (Tyree et al. 1994, Scott et al. 2000,

Shafroth et al. 2000, Horton et al. 2001a). In arid regions,

Populus depends on shallow floodplain groundwater

FIG. 4. Bird habitat index in nine vegetation cover types along a perennial stream, Cherry Creek, Arizona, USA. The boundary
of the box nearest zero is the 25th percentile, the solid line within the box represents the median, dashed lines are the mean, and the
boundary of the box farthest from zero represents the 75th percentile. Whiskers (error bars) above and below the box represent the
90th and 10th percentiles. Points lying outside of 90th and 10th percentiles are shown. Plant species Baccharis sarothroides is
abbreviated as Baccharis sar. and Baccharis salicifolia is abbreviated as Baccharis sal. See Vegetation and index development; BHI
development.
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recharged by the adjacent stream, which makes individ-

uals and forests particularly vulnerable to modifications

of stream flow (Smith et al. 1991, Busch et al. 1992, Kolb

et al. 1997). Indeed, riparian tree species were most

abundant in areas along Cherry Creek where groundwa-

ter was within 2 m of the ground surface (Fig. 3).

Both low and high flows are important for riparian

tree establishment and maintenance. Sufficient low flows

capable of supporting shallow water tables can increase

the likelihood of disturbance-adapted regenerants and

support root development, growth, and survival to

reproductive age (Mahoney and Rood 1998, Horton

and Clark 2001). High flows create bare, exposed sites for

recruitment by disturbance-adapted species (e.g., Pop-

ulus, Salix gooddingii, S. exigua, Platanus). Our results

showed that riparian forest species had affinities to both

highly disturbed habitats and those with shallow water

tables, whereas shrubs were only excluded from areas of

high fluvial disturbance, regardless of water table depth

(Fig. 1b). Molles et al. (1998) found that high flows serve

to exclude upland species from riparian areas, recharge

and maintain alluvial groundwater levels, and support

biochemical processes on the floodplain. Variation in

flow regime through time (timing, magnitude, frequency,

and sequencing of high and low flow) can foster

heterogeneity by providing opportunities for different

species to become established at different times, creating

variation in the age- and size-class structure of vegetation

and the heterogeneity of habitat.

FIG. 5. Bird habitat index related to percent cover of Populus fremontii (in the absence of nonnative Tamarix ramosissima),
Salix gooddingii, Platanus wrightii, Hymenoclea monogyra, Prosopis velutina, and Tamarix ramosissima (in the absence of Populus
fremontii, Salix gooddingii, and Platanus wrightii) along a perennial stream, Cherry Creek, Arizona, USA. Shaded areas are 95%
confidence intervals.

FIG. 6. Bird habitat index related to cover of native riparian
forest species (Populus fremontii, Salix gooddingii, and Platanus
wrightii) along a perennial stream, Cherry Creek, Arizona,
USA. Shaded areas are 95% confidence intervals.
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Many desert shrubs have an advantage over native

riparian species. This is due in part to their greater

potential rooting depth (Busch and Smith 1995, Strom-

berg et al. 1996, Horton et al. 2001a, c) and adaptations

for functioning at lower water potentials that are lethal

to most native phreatophytes (Cleverly et al. 1997,

Pockman and Sperry 2000). Few species have the ability

to function and maintain dominance under both water-

stressed and flooded conditions; this is an energetic

trade-off for most native species (Horton et al.

2001a, b, c). Reduced high and low stream flow and

subsequent groundwater decline has more of an impact

on native riparian species than on desert shrubs and

nonnative riparian species such as Tamarix ramosissima

(Cleverly et al. 1997, Pockman and Sperry 2000, Horton

et al. 2001c, Merritt and Poff 2010). Our work associates

increases in shrub-dominated cover types with lower

bird habitat quality, and suggests that desert shrubs are

less sensitive to depth to groundwater on floodplains but

are excluded from near-channel habitats by fluvial

disturbance.

Bird habitat

Structurally and compositionally heterogeneous veg-

etation is an important component of wildlife habitat,

through providing a variety of food resources and

shelter (Arnold 1988, MacNally 1990, McElhinny et al.

2005). Vertical structure provides a wider variety of

habitat niches, increasing potential bird species diver-

sity (MacArthur and MacArthur 1961, Woinarski et al.

1997, McElhinny et al. 2005). Riparian habitats, with

their exceptional structural and compositional diversi-

ty, provide a variety of resources not found in adjacent

upland habitats (Powell and Steidl 2000, 2002, Palmer

and Bennett 2006, Kirkpatrick et al. 2009). This

difference in structure is one important reason why

bird species composition differs between upland and

riparian habitats (Finch 1989, Doyle 1990, Ellis 1995).

Kirkpatrick et al. (2009) found that bird numbers and

richness of bird communities increased 75% and 68%,

respectively, in riparian areas compared to areas 200 m

from stream channels along southwestern Arizona

streams. This aggregation near riparian areas is also

due in part to the presence of standing water (Brand et

al. 2008).

The relationship between birds and habitat has been

well evaluated. Habitat structural complexity has long

been known to positively influence bird species richness

and abundance in general (MacArthur and MacArthur

1961, Willson 1974, Roth 1976, Cody 1981) and in

riparian areas in particular (Emmerich and Vohs 1982,

Finch 1989, Knopf and Samson 1994, Sanders and

Edge 1998, Powell and Steidl 2002). Riparian habitats

have more horizontal structure and vertical layering of

habitat and are composed of plant species not generally

found in adjacent upland areas (Sabo et al. 2005,

PLATE 1. (Upper left) Riparian forest dominated by Populus fremontii, Platanus wrightii, and Salix gooddingii along Cherry
Creek, Arizona, USA. This forest had bird habitat index (BHI) values of 0.6 or greater and bird species richness as high as 12.
(Upper right) Yellow Warbler (Dendroica petechia), which prefers riparian forest. (Lower right) Shrublands, which are dominated
by Prosopis velutina, Baccharis sarothroides, Hymenochlea monogyra, and Tamarix ramosissima in xeroriparian areas. Xeroriparian
shrublands along Cherry Creek had BHI scores of less than 0.3, and bird species richness never exceeded 3. (Lower left)
Phainopepla (Phainopepla nitens), which prefers xeroriparian shrubland habitat. Photo credits: landscapes, D. M. Merritt; birds,
Brendon Grice.
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Palmer and Bennett 2006). Within the American

Southwest, .50% of breeding birds are dependent

upon riparian habitats at some time during their life

cycle (Knopf et al. 1988, Kirkpatrick et al. 2009).

Maintenance of these riparian forests has been shown

to require perennial stream flow in desert landscapes.

Reduction in stream flow and stream flow intermitten-

cy may result in declines in forest structure, loss of

mature Populus stands, and conversion of forest to

shrub or grassland–shrubland system (Boggs and

Weaver 1994, Stromberg et al. 2005, Stromberg et al.

2007, Merritt and Poff 2010).

Along Cherry Creek, habitat indices showed a

significant positive relationship with native plant cover

because plants such as Populus, Salix, and Platanus

likely contribute to basal area and diameter of woody

species, variables included in the BHI (Table 1, Figs. 5–

7). Populus and other large-diameter trees are important

resources for woodpecker and sapsucker species that

excavate cavities (Brenowitz 1978, Sedgwick 1997),

which are later used as nesting and roosting sites for

other birds and mammals (Jones et al. 1994, Martin and

Eadie 1999). Maintaining a diversity of tree and shrub

species can contribute to the heterogeneity of foliage

layers, another important variable included in our index.

Within the arid Southwest, Powell and Steidl (2002)

conclude that long-term conservation of songbirds

requires maintenance of native riparian tree and shrub

species, and Brand et al. (2011) agree that a reduction of

native trees from dewatering stream scenarios will lead

to losses in canopy-nesting bird species. Similarly,

habitat indices along Cherry Creek were lowest in

xeroriparian areas composed of upland shrubs (e.g.,

Hymenoclea), which are more abundant farther from the

stream channel, and nonnative shrubs (e.g., Tamarix).

Simulated groundwater decline and bird habitat

It is likely that riparian forest extent along Cherry

Creek has expanded and contracted in response to

wetter periods of time with increased stream flow and

prolonged periods of drought, respectively. Lowering of

alluvial water tables can be caused by reduced flow from

upstream (caused by climate change or water extrac-

tion), channel incision (caused by headcutting, down-

cutting, or sand and gravel mining), groundwater

pumping, and localized stream flow diversion (Strom-

berg et al. 1996, Kondolf 1997). Simulated incremental

declines in surface and groundwater levels were predict-

ed to cause frequency of Populus-dominated riparian

forest habitat to decline from its current 35% cover at an

average rate of 4%/dm decline in groundwater level from

the modeled base flow (Figs. 1 and 2). Depending upon

the severity and persistence, incremental reductions in

surface water and groundwater levels increase the

likelihood of conversion of riparian forest to shrubland,

the migration of the riparian forest–xeroriparian edge

nearer to the stream channel, and the reduction in extent

or complete loss of riparian forest. These shifts in

vegetation would likely result in shifts in the bird

community from cavity- and canopy-nesting species, i.e.,

Gila Woodpecker, Melanerpes uropygialis; Yellow War-

bler, D. petechia; Summer Tanager, P. rubra, to middle-

level nesting species, i.e., Abert’s Towhee, P. aberti;

Bell’s Vireo, V. bellii; Yellow-breasted Chat, Icteria

virens (Brand et al. 2011) (see Plate 1).

Shrub-dominated vegetation cover types had lower

habitat indices and were similar to upland habitats.

Though riparian forest dominants such as Populus,

FIG. 7. Relationships between bird habitat index scores
(which represent structural and provisional heterogeneity) and
(a) measurements of bird community diversity (Simpson
diversity index), (b) bird species richness, and (c) bird
abundance along a perennial stream, Cherry Creek, Arizona,
USA. Shaded areas are 95% confidence intervals.
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Salix, and Platanus may persist for some time along

streams with reduced high flows, depleted low flows and

reduced interannual variability in flows can cause forests

to be sparse, of low age class diversity, and lack desired

wildlife benefits (Stromberg et al. 1996). Tamarix is not

particularly competitive against Populus and Salix under

well-watered conditions (Sher et al. 2000). Furthermore,

Tamarix does poorly under Populus canopy (Lesica and

Miles 2001) and under other native trees (e.g., Acer

negundo [Dewine and Cooper 2008]); therefore mainte-

nance of flows that support native forest species is key to

preventing nonnative shrub dominance in riparian areas

(Merritt and Poff 2010).

CONCLUSIONS

Our work along Cherry Creek and the extensive

literature from the American Southwest suggest that

reductions in stream flow would increase the risk of

riparian vegetation transitioning from forest to shrub

dominated, and result in degradation of bird habitat.

Incremental reductions in stream flow would result in an

increased likelihood of shifts from high-quality riparian

habitat (Populus, Salix, and Platanus-dominated ripar-

ian forest) to lower-quality habitat dominated by native

desert and xeroriparian shrubs such as Hymenoclea,

Baccharis sarothroides, Prosopis, and nonnative Tamarix

along Cherry Creek (Figs. 1, 2, and 4). The most certain

means of maintaining wildlife habitat along Cherry

Creek is continuation of historical patterns of low flows,

high flows, timing and sequencing of flows, and the

maintenance of a range of variability in seasonal and

interannual flows. The degree of deviation from these

historic stream flow patterns will determine the magni-

tude and trajectory of vegetation change in response to

altered flow regimes (Figs. 1 and 2; see also Davis et al.

2005).

Our approach provides a risk assessment of the

extent and biological consequences of riparian forest

decline as a function of groundwater depletion and

altered fluvial disturbance. We have presented a

systematic approach to determination and evaluation

of the trade-offs between changes in stream flow,

groundwater regimes, fluvial disturbance, and biotic

characteristics of sites. Our approach (Fig. 8) has

applications for other arid stream systems. We first

determined the relationships between surface and

FIG. 8. We developed a systematic approach to evaluate the trade-offs between changes in stream flow and groundwater
regimes and biotic characteristics of an arid riparian system. We determined the relationships among hydrology (level I), riparian
plant communities (level II), habitat index (level III), and the bird community (level IV) along Cherry Creek in Arizona, USA.
Solid arrows indicate a positive relationship or strong influence of one component on another. Dashed arrows indicate a negative
relationship or weak influence of one component on another. Note the zone of overlap between two vegetation communities that
contribute to the habitat index and the index itself contributing to bird community parameters.
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groundwater and identified sources of moisture to the

organisms supporting bird habitat–riparian vegetation

(level I of Fig. 8). We then developed realized niche

models of several riparian plant species that represent

different vegetation cover types (level II of Fig. 8).

Attributes of these cover types were then used to

quantify habitat attributes of importance to the wildlife

taxa of interest (in this case birds), and to summarize

them as a habitat index (BHI; level III in Fig. 8). Such

attributes could be defined and quantified for other

taxonomic groups such as mammals and herpetiles. We

then validated our BHI through field inventories to

calculate bird diversity, richness, and abundance (level

IV in Fig. 8). From this, we were able to model

responses of key habitat elements to realistic human-

caused flow alterations due to extraction or climate

change. Through this systematic approach and the

construction of response curves (Fig. 1), managers,

decision makers, and the public are better able to

evaluate the consequences and trade-offs of changes to

flow and disturbance regimes. Rather than provide a

minimum flow or single set of flow recommendations,

these response curves provide a continuum from which

to evaluate acceptable levels of change.

As with many other areas worldwide, demands on

freshwater resources in Arizona and throughout the

American Southwest are projected to increase, while

water supplies are projected to decrease due to climate

change (Hawkins and Ellis 2010). Indeed, arid regions

throughout the world are projected to become warmer

and drier in the future, leading to higher frequency and

intensity of drought (IPCC 2007). The population of

the basin within which Cherry Creek drains is expected

to double by 2050, and freshwater supplies are

projected to decline (Marshall et al. 2010). Because

surface and groundwater are managed under different

regulatory frameworks in the state of Arizona, and

groundwater use is unregulated, continued conversion

of streams from perennial to intermittent throughout

the region is inevitable. Our work, and the work of

others in the region (Brand et al. 2011), suggests that

groundwater losses will negatively influence the distri-

bution, characteristics, and quality of riparian forests

and associated resident and migratory bird habitat.

Riparian areas and habitats are not currently

recognized by law as ‘‘legitimate users of water,’’ nor

are they given equal status with human water demands

(sensu Naiman et al. 2002). As a consequence, conflicts

over providing water to support wildlife habitat over

human existence are expected to intensify (Poff et al.

2003). The development of tools to quantify the effects

of surface and groundwater depletion and to relate

these changes to consequences in biotic communities

are critical (Fig. 8). In the American West, ,1% of the

landscape supports riparian vegetation (Knopf et al.

1988, Knopf and Samson 1994), yet these areas provide

habitat for more species of breeding birds than any

other vegetation type (Knopf and Samson 1994). To

this end, we suggest that maintaining variation in

high- and low-flow events in perennial streams,

particularly in arid regions, can aid in the maintenance

and conservation of avifauna and their habitats.
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SUPPLEMENTAL MATERIAL

Appendix A

Location of the Cherry Creek study reach in the Tonto National Forest, the USGS stream flow gage used for hydrologic
analyses, and the location of the Salt River, Arizona, USA (Ecological Archives A022-106-A1).

Appendix B

The configuration of 95 113-m2 vegetation plots along Cherry Creek, Arizona, USA. Cherry Creek flows from top to bottom
(Ecological Archives A022-106-A2).

Appendix C

Correlation matrix for vegetation variables considered for the bird habitat index (Ecological Archives A022-106-A3)
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