










Earlier peaks at the Gila River site were likely attributable to the
recent heavy precipitation events that occurred during winter
months.

3.2. Hydrological projections

Decreases in annual dischargewere projected at each site except
for the Green River, based on means from 15 GCMs (Table 3). Model
agreement for decreasing trends was greatest for sites on the
Gunnison River, the San Juan River, the Rio Grande, the Rio Chama,
and the San Francisco River, at which �50% of the model runs
predicted negative trends. Decreases in peak discharge volume
were projected at each Southern Rockies site except for the Green
River and the Rio Chama. Decreases were also projected at the Salt
River and Tonto Creek Central Highlands sites (Table 3). The Rio
Grande site, however, was the only one in which these decreases
were projected by �50% of the model runs (Table 3). Earlier peak
discharge date was projected for all of Southern Rockies sites and
there was high agreement among model runs (>80%) for trends of
earlier peak discharge at each of these sites. Later peak discharge
date was projected for the Central Highland sites, but there was
high agreement among model runs (�80%) for no change in this
variable (Table 3).

The projected decreases in annual discharge at many of the sites
we examined fit with climate change projections from other
studies in the American Southwest. There is high model agreement
for a continued increase in temperature and evaporation in this
region (Garfin et al., 2014), which will reduce the amount of pre-
cipitation that falls as snowand decrease the amount of rainfall that
enters streams (Das et al., 2011; Wi et al., 2012; Vano et al., 2014).
This warming will reduce discharge volume in several south-
western streams, even if amount of precipitation is unaffected
(Christensen et al., 2004; Seager et al., 2013). Similar reductions in
total discharge have beenmodeled at the Verde River and Salt River
by Ellis et al. (2008). Because the climate models we examined do
not adequately forecast droughts, which may occur with greater
frequency and severity in the Colorado and Rio Grande basins,
future decreases in discharge will likely be greater than those
projected (Serrat-Capdevila et al., 2013; Gutzler, 2013).

The projected changes in characteristics of peak discharge have
been anticipated as a result of climate change. Peak discharges in
Southern Rockies streams typically result from snowpack runoff,
which is strongly influenced by temperature. The predicted in-
crease in temperatures would shrink the snowpack and accelerate
snowmelt (Pierce et al., 2008; Garfin et al., 2014). As a result, peak

Fig. 2. Examples of variation in total annual discharge, in million cubic meters, at a
Southern Rockies stream (A) and a Central Highland stream (B). Red lines indicate
long-term means (1960e2011). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. Examples of variation in magnitude and timing of peak discharge at a Southern
Rockies stream (A) and a Central Highland stream (B). Red lines indicate long-term
means (1960e2011). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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discharges will on average occur earlier and with lower magnitude
(Stewart et al., 2005; Hurd and Coonrod, 2008). We only found
moderate model agreement for decreases in future peak discharge
volume at one of our sites, the Rio Grande at Otowi, but there was
strong agreement on changes to earlier peak discharge date at all of
the Southern Rockies sites. Managers should therefore anticipate
greater change in timing than magnitude for southwestern streams
with snowmelt-driven high flows. Among climate change studies,
there is less model agreement on changes in amount of rainfall,
which has a greater impact on timing and magnitude of peak
discharge at the Central Highland streams (Ellis et al., 2008).
Greenhouse warming may result in heavier storms occurring dur-
ing the summer, fall, and winter periods, which would increase
variability of peak discharges fromyear to year, especially at Central
Highland streams, which flood readily when heavy rainfall occurs
(Hawkins et al., 2015). There was high agreement among models
we examined for no change to volume or timing of peak discharge
at Central Highland streams. Decreases in annual discharge may be
a greater concern for management of riparian ecosystems along
these streams.

As with any model output, there are caveats to the projections
we examined. We found disagreement among models with regard
to discharge characteristics within stream gage sites. Also, the

projections do not account for current or future regulation of
streams (Miller et al., 2011), so much of the future variation in
hydrological variables is not included. The relative magnitude of
changes, however, is useful for this analysis, assuming that changes
in water use will be consistent across the region. Development of
site-specific, alternative water use scenarios, similar to those of
carbon emission scenarios, is needed to improve projections
(Palmer et al., 2009). Finally, we used CMIP3 projections, which are
older and less complex than CMIP5 projections because streamflow
projections, derived from these models, were not yet available.
Though CMIP5 projections do not differ substantially from CMIP3
projections for the western United States (Baker and Huang, 2014),
output from CMIP5 models should be incorporated into projections
at our stream gage sites as soon as possible to test the validity of our
results.

3.3. Biology of focal trees

Based on distribution data from the Global Biodiversity Infor-
mation Facility, three of the four taxa we examined (cottonwood,
Goodding's willow, and boxelder) occur throughout much of the
southwestern United States. The fourth taxa, Arizona sycamore, is
limited to southern Arizona and southwestern New Mexico. We
found cottonwood and Goodding's willows at each of the 11 stream
gage sites we examined. These often co-occurring taxa usually
grow in alluvial reaches below 2000 m. Their presence along each
of the streams indicates that they have adapted to a variety of flow
regimes in regulated and unregulated reaches. Boxelders are pre-
sent in the upper reaches of Southern Rockies and Central Highland
streams and are often the dominant trees in canyon-bound seg-
ments (Friedman and Auble, 1999). Boxelder can also be a compo-
nent of mixed deciduous montane riparian communities in alluvial
reaches (Stoleson and Finch, 2003). Arizona sycamores are present
along Central Highland streams, often occupying higher reaches of
streams than Fremont cottonwood and Goodding's willow, though
the three species can co-occur in middle reaches (Smith and Finch,
2014).

Reproduction and survival of each of the four tree taxa are
influenced and/or determined by hydrological events (Table 4).
Each year, reproductive cottonwoods andwillows release tiny seeds
that are carried by wind or water to potential germination sites.
Germination and seedling establishment occurs only if the seeds
settle on damp, exposed soil during their month-long viability
period (Braatne et al., 1996; Stromberg, 1997). At Southern Rockies
streams, cottonwoods release seeds from June through August
following the typical peak of snowmelt-driven floods (Molles et al.,
1998; Cooper et al., 1999). In the wake of these floods lie sites,
devoid of competing vegetation, that are ideal germination spaces
for woody pioneer species (Auble and Scott, 1998). As flood waters
recede, they leave behind soil moisture that is required for seedling
survival (Bhattacharjee et al., 2008). At Central Highland streams
cottonwood and willow seed dispersal can occur from February to
May, when high flows subside (Beauchamp and Stromberg, 2007).
Though high flows regularly occur at other times of the year,
especially at Central Highland streams, it is the flows coinciding
with cottonwood and willow seed dispersal that are necessary for
their reproduction. At Central Highland streams, floods resulting
from fall or winter storms provide the scouring and deposition that
create germination sites. Subsequent high flows from precipitation
or snowmelt in the spring provide moisture that induces germi-
nation (Stromberg, 1997). Following floods in the Central Highland
or Southern Rockies streams, drawdowns of water tables must not
exceed the rates of seedling root growth until taproots gain contact
with the capillary fringe above the saturated groundwater table
(Mahoney and Rood, 1998; Horton and Clark, 2001; Bhattacharjee

Fig. 4. Examples of mean daily discharge hydrographs at a Southern Rockies stream
(A) and a Central Highland stream (B). Line values represent mean daily streamflow for
each day of the year between 1960 and 2011.
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et al., 2006). Cottonwood seedlings can survive up to four weeks in
saturated soils, but mortality occurs if shoots are submerged for
over one week (Auchincloss et al., 2013). Willow saplings can sur-
vive in saturated soils as long as the shoots are not submerged
(Tallent-Halstell and Walker, 2002). High flows that occur in the
late summer or fall cause mortality of cottonwood and willow
seedlings through flood scour or inundation (Gladwin and Roelle,
1998; Mahoney and Rood, 1998). Likewise, extremely low flows
will cause seedling or sapling mortality by lowering the water table
too rapidly, causing desiccation (Shafroth et al., 2000). These re-
quirements make cottonwood and willow reproduction sensitive
fluctuations in surface flow.

Boxelder and Arizona sycamore have different seed structures
than cottonwoods and willows, but their reproduction is also
dependent on high surface flows. Boxelders and sycamores produce
relatively large seeds that develop during the growing season,
unlike cottonwoods and willows, which release seeds at the start of
the growing season. Boxelder seeds are released in the summer or
fall, become viable the following spring, and will germinate if
induced by high flows (Dewine and Cooper, 2007). Sycamore seeds

mature within spherical fruits that are retained on the tree until
they fall to the ground during the fall, winter, and spring (Bock and
Bock, 1989). The seeds separate from the fruits upon or after hitting
the ground, so they are typically not dispersed as far as those of
other species. For sycamore germination to occur at streams in
Arizona, heavy winter floods must expose sites prior to seed
deposition. As with cottonwoods and willows, high flows are
needed to stimulate springtime germination (Stromberg, 2002).
Sycamore seedlings require additional moisture from surface flows
or precipitation to survive their first summer, but are also vulner-
able to flood mortality during the summer monsoon (Bock and
Bock, 1989). Sycamore establishment is therefore limited by
timing and intensity of precipitation and discharge during the
winter, spring, and summer seasons. Boxelders differ from
cottonwood, willow, and sycamore, in their ability to germinate on
top of litter and grow beneath established woody plants (Dewine
and Cooper, 2008, 2009). Floods need only dampen soil, not scour
sites to encourage boxelder establishment. In fact, Galuska and Kolb
(2002) noted that boxelder was one of only two species that did not
establish following heavywinter and spring floods along a tributary

Table 3
Projected characteristics at the stream gage sites used in this analysis. “% of model runs” indicates the percentage of 36 model runs that projected decreasing or increasing
trends, as indicated by Mann-Kendal tests, with a significance level of 0.10. Bold values indicate that >¼ 50% of models predicted decreases or increases.

Gage site Headwaters Variablea % Of model runs Projected means

Decrease Increase 2010e2039 2040e2069 2070e2099

Colorado River at Cameo Southern Rockies Annual discharge (mcm) 36 8 3369.8 3267.3 3216.7
Peak discharge volume (cms) 25 17 492.6 490.7 485.4
Peak discharge timing (owd) 100 0 2423 237 230

Gunnison River at Grand Junction Southern Rockies Annual discharge (mcm) 50 3 2202.7 2062.1 1965.1
Peak discharge volume (cms) 31 6 253.3 241.7 228.4
Peak discharge timing (owd) 100 0 212 205 197.5

San Juan River at Bluff Southern Rockies Annual discharge (mcm) 67 0 1703.1 1525.1 1388.3
Peak discharge volume (cms) 44 0 238.7 218.8 197.0
Peak discharge timing (owd) 100 0 240 232 223

Green River at Greendale Southern Rockies Annual discharge (mcm) 30 17 1679.7 1653.3 1679.3
Peak discharge volume (cms) 8 28 163.1 168.9 174.9
Peak discharge timing (owd) 97 0 216 211 205

Rio Grande at Otowi Southern Rockies Annual discharge (mcm) 64 3 1262.3 1106.4 997.9
Peak discharge volume (cms) 53 0 149.1 131.5 117.1
Peak discharge timing (owd) 86 0 229 219 209

Rio Chama at Abiquiu Southern Rockies Annual discharge (mcm) 50 3 462.1 418.5 392.0
Peak discharge volume (cms) 36 0 91.1 84.3 79.2
Peak discharge timing (owd) 86 0 226 219 205

Salt River at Roosevelt Central Highlands Annual discharge (mcm) 44 3 779.5 708.7 631.0
Peak discharge volume (cms) 14 8 596.7 573.9 565.9
Peak discharge timing (owd) 11 0 184 186 178

Verde River above Horseshoe Dam Central Highlands Annual discharge (mcm) 36 3 549.8 498.5 444.1
Peak discharge volume (cms) 14 11 590.8 577.2 575.6
Peak discharge timing (owd) 14 6 156 160 164

San Francisco River at Clifton Central Highlands Annual discharge (mcm) 50 3 207.1 191.1 176.2
Peak discharge volume (cms) 11 17 208.8 214.2 218.0
Peak discharge timing (owd) 14 0 185 187 176

Gila River at Gila Central Highlands Annual discharge (mcm) 47 3 160.8 148.8 139.3
Peak discharge volume (cms) 14 11 134.7 138.9 142.1
Peak discharge timing (owd) 8 3 180 174 175

Tonto Creek near Roosevelt Central Highlands Annual discharge (mcm) 33 3 153.8 138.4 121.5
Peak discharge volume (cms) 14 8 293.5 291.1 282.7
Peak discharge timing (owd) 8 6 166 172 173

a Units are mcm ¼ million cubic meters; cms ¼ cubic meters per second, owd ¼ ordinal water date.

Table 4
Characteristics of four native riparian trees examined at Southern Rockies (SR) and Central Highland (CH) streams in this study. The distribution information is based on
literature review and our field observations.

Species Seed longevity Seed dispersal period Shade tolerance Drought tolerance Distribution

Fremont cottonwood <2 months Winter-spring (CH streams), spring-summer (SR streams) Low Low-intermediate SR and CH streams
Goodding's willow <3 months Winter-spring (CH streams), spring-summer (SR streams) Low Low SR and CH streams
Boxelder >5 months Summer-fall-winter High Intermediate SR and CH streams
Arizona sycamore >5 months Fall-winter-spring Low Low CH streams
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