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Abstract Hydrological processes drive the ecological
functioning and sustainability of cottonwood-dominated
riparian ecosystems in the arid southwestern USA. Snow-
melt runoff elevates groundwater levels and inundates
floodplains, which promotes cottonwood germination. Once
established, these phreatophytes rely on accessible water
tables (WTs). In New Mexico’s Middle Rio Grande corridor
diminished flooding and deepening WTs threaten native
riparian communities. We monitored surface flows and
riparian WTs for up to 14 years, which revealed that WTs
and surface flows, including peak snowmelt discharge,
respond to basin climate conditions and resource manage-
ment. WT hydrographs influence the composition of ripar-
ian communities and can be used to assess if potential
restoration sites meet native vegetation tolerances for WT
depths, rates of recession, and variability throughout their
life stages. WTs were highly variable in some sites, which
can preclude native vegetation less adapted to deep draw-
downs during extended droughts. Rates of WT recession
varied between sites and should be assessed in regard to
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recruitment potential. Locations with relatively shallow
WTs and limited variability are likely to be more viable for
successful restoration. Suitable sites have diminished
greatly as the once meandering Rio Grande has been con-
strained and depleted. Increasing demands on water and the
presence of invasive vegetation better adapted to the altered
hydrologic regime further impact native riparian commu-
nities. Long-term monitoring over a range of sites and
hydroclimatic extremes reveals attributes that can be eval-
uated for restoration potential.

Keywords Groundwater * Surface flow - Flood * Drought -
Cottonwood * Salt cedar

Introduction

Hydrological processes driven by groundwater and surface
water interactions strongly influence the ecological func-
tioning and sustainability of riparian ecosystems (Webb and
Leake 2006). In arid regions where evapotranspiration (ET)
greatly exceeds annual rainfall, these systems are clearly
groundwater dependent (Eamus and Froend 2006; Newman
et al. 2006; Cleverly et al. 2015). Occasional overbank
flooding and reliable access to groundwater regenerate and
sustain native riparian vegetation (Stromberg et al. 1996;
Eamus et al. 2006). In the western United States, seeds
released by cottonwood (Populus spp.) and willow (Salix
spp.) in late spring have a brief opportunity to germinate
following flows sufficient to scour favorable sites and
maintain moisture as floodwaters subside (Crawford et al.
1996; Naiman et al. 2005; Braatne et al. 2007; Burke et al.
2009; Benjankar et al. 2014; Shafroth 2010). Snowmelt
runoff from montane regions can promote regeneration by
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inundating floodplains and elevating water tables (WTs)
with favorable timing, magnitude, and duration. Once
established, phreatophytes depend on sustained access to
shallow WTs and their associated capillary fringe.

Altered hydrologic regimes are a primary cause for
native riparian vegetation loss or replacement (Howe and
Knopf 1991; Poff et al. 1997; Stromberg 2001; Braatne
et al. 2007; Burke et al. 2009; Merritt and Poff 2010). Over
the past century in New Mexico’s Middle Rio Grande
(MRG) corridor, sub-water table canals, diversions, dams,
and levees were constructed to promote drainage, irrigation,
and to control flooding (Crawford et al. 1996), greatly
altering the river’s natural flow regime (Poff et al. 1997).
Diminished flood pulses and deepening WTs greatly atte-
nuated river—floodplain connectivity and threaten the
recruitment and sustainability of native cottonwood-
dominant communities (Braatne et al. 1996; Scott et al.
1999; Cowley 2006; Rood et al. 2008; Smith and Finch
2016), which are already stressed by frequent droughts and
invasive vegetation.

Groundwater alterations often take years to become
evident, leading to unforeseen problems that might be
avoided by informed resource management (Alley et al.
1999). Long-term monitoring of WTs reveals the cumula-
tive effects of altered groundwater availability and can
provide insights into ecosystem adaptability (Eamus and
Froend 2006). Important attributes include normal patterns
of change in groundwater depth, including spatial and
temporal records of minimum and maximum depths, and
the rate of change in depth (Eamus et al. 2006). Water level
hydrographs are a useful means to demonstrate range, sea-
sonality, and hydrologic stresses, and their value and
reliability are augmented by high measurement frequency
(Taylor and Alley 2002). Long-term groundwater data also
help explain why levels change (e.g. management, land-use,
and climate) and improve forecasts of future water levels
(Molles et al. 1998; Taylor and Alley 2002). In New
Mexico’s MRG, the degree to which regeneration and sus-
tainability of cottonwoods and willows adaptability can be
maintained in response to changing surface and ground-
water flows is not clearly defined (Dello Russo 2007; Smith
and Finch 2016).

Regeneration of native cottonwood floodplain forests
occurs in response to the river’s natural flow regime (Howe
and Knopf 1991; Poff et al. 1997; Braatne et al. 2007). This
requires overbanking flows of sufficient energy to scour
exposed sites, the timing, duration and frequency of such
flows to coincide with seed dispersal, and recession rates of
the elevated water table to meet root growth and extension
requirements of seedlings (Rood et al. 2005; Braatne et al.
2007). Cottonwoods and willows are commonly the domi-
nant vegetation along perennial and free-flowing rivers,
while saltcedar (Tamarix spp.) is more dominant along
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intermittent and flow-regulated streams (Stromberg et al.
2007). With some exceptions (e.g., Coble and Kolb 2013),
cottonwood recruitment is severely limited by even minor
flow alterations, while saltcedar can successfully recruit in
heavily regulated, as well as free flowing streams (Merritt
and Poff 2010; Mortenson and Weisberg 2010). Peak river
flows in the MRG commonly occur during snowmelt run-
off, when cottonwoods are dispersing their seeds. Occa-
sionally, peak flows result from monsoonal storms later in
the growing season, especially in the southern reaches of the
MRG (Cleverly et al. 2006). Unlike the typical peak flows
during snowmelt runoff, later peak flows favor the estab-
lishment of saltcedar, which produce seeds throughout the
growing season (Warren and Turner 1975; Stromberg 1997,
Smith and Finch 2016).

In this study, we investigate how alluvial riparian
groundwater levels respond to surface flows influenced by
regional climate conditions along the MRG in New Mexico.
Our objectives were (1) to describe the hydrological
regimes (surface flows/flooding and groundwater depths)
that affect riparian vegetation during the snowmelt period
coinciding with cottonwood germination and the full
growing season, when cottonwoods of all ages depend on
access to WTs; (2) to assemble a rigorous, high-frequency
collection of water table data and assess the variability in
their hydrographs (annual, daily drawdown) important to
native vegetation recruitment and sustainability, (3) to
quantify an ecosystem response, ET, to surface and
groundwater levels; and (4) to maintain where possible a
long-term data collection to capture variability in climate,
river flow, and WTs over several years. Long-term hydro-
logical monitoring of flood- and groundwater-dependent
ecosystems contributes to the management and rehabilita-
tion of these endangered ecosystems. The MRG is char-
acterized by snowmelt-driven surface flows (influenced by
climate conditions and water resource management) with
native and non-native dominated riparian reaches and with
sites containing varying degrees of hydrologic connectivity
between the river and floodplain. The data from this study
will contribute to a growing knowledge base attempting to
interpret how climate and water availability affect dryland
riparian communities and offer insights into how they might
respond to shifts in these drivers.

Methods

Site Descriptions

We monitored WTs at four sites along the Rio Grande
floodplain in central New Mexico for up to 14 years with

accompanying ET data for up to 12 years. Research sites are
located within the semi-arid MRG corridor of New Mexico,
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Fig. 1 Map of the riparian research sites along the Middle Rio Grande
corridor of New Mexico, located between the USGS Otowi and Ele-
phant Butte river gages. ABQ: mature cottonwood forest, non-flood-
ing, Albuquerque. LJY: Young Russian olive/willow forest, flooding,
La Joya State Game Refuge. SEV: mature saltcedar mixed species
forest, non-flooding, Sevilleta National Wildlife Refuge. BDA: mature
saltcedar monotypic forest, flooding, Bosque del Apache National
Wildlife Refuge

often defined (e.g., for water budget analyses; Dahm et al.
2002) as the 320 km reach between the northern, upstream
Otowi, and southern, downstream Elephant Butte U.S.
Geological Survey gages (Fig. 1). Full growing season data
are presented. We also collected concomitant data from a
hydrological climate index and Rio Grande discharge data
to determine relationships between regional climate condi-
tions, surface flow, and WTs. Within-season snowmelt
conditions and discharge critical to cottonwood germination
were also considered. Snowmelt generally provides the
majority of the streamflow in the basin (Llewellyn et al.
2013), although summer flash floods can contribute sub-
stantially to surface flows south of the confluence with the
Rio Puerco (Vivoni et al. 2006). Groundwater flow in the
alluvial aquifer generally follows the southerly flow of the
river and is controlled by the river, artificial pathways
(conveyance channels, drains), and adjacent, subsurface
inflow (Anderholm 1987; Barroll and Reiter 1995). The
floodplain was historically composed of native vegetation
dominated by Rio Grande cottonwood (Populus deltoides
ssp. wislizeni) and understory willows (Salix ssp.). Non-
native vegetation, in particular saltcedar (Tamarix chi-
nensis) and Russian olive (Elaeagnus angustifolia), were
introduced to North America in the 19th century, eventually
escaping cultivation to become the third and fourth most
common riparian trees in the western U.S. (Friedman et al.
2005). More tolerant of the altered hydrologic regime of the

Table 1 Growing season (1 Apr—Nov 15) data for a WTs and b ET

(a) 20002013 growing season mean WT data (cm)

SEV (SC) BDA (SC) ABQ (CW) LJY (RO/W)
WT depth (+SD) 205 (19) 194 (63) 143 (13) 108 (41)
Min WT (day) 171 (5/6) 61 (5/2) 108 (5/28) 1 (5/13)
Max WT (day) 231 (9/4) 282 (9/19) 163 (10/3) 155 (8/28)
Range 60 230 52 161
Diel range 1.7 6.9 39 4.5
R/D (unitless) 0.3 1.5 04 1.6
Record WT min 142 (5/26/08) —58 (6/7/05) 79 (6/6/05) —45 (6/6/05)
(date)
Record WT max 253 (7/26/06) 386 (9/4/03) 177 (8/23/13) 162 (9/27/05)
(date)
Fecord WT range 104 (2006) 394 (2005) 75 (2008) 207 (2005)
year)

(b) Growing season mean ET data (cm yearfl)

SEV (SC) BDA (SC) ABQ (CW) LJY (RO/W)
2000-2011 2000-2011 2000-2007 2003-2008

ET (mmday ") 79 (4.3) 110 5.7) 117 54) 119 (5.7)
Min ET (year) 59 (2011) 88 (2002) 110 (2006) 104 (2003)
Max ET cm 93 (2007) 127 (2005) 126 (2000) 138 (2008)
(year)

LJY WT data from 2003 to 2009. Minimum WTs are compiled from
the snowmelt period (1 Apr-30 Jun). R/D is the mean of each year’s
range/mean WT depth. ET was omitted in 2008 at BDA due to
incomplete data.

Dominant vegetation at sites: SC salt cedar, CW cottonwood, RO/W
Russian olive and willow

20th century, these species became well established along
the Rio Grande (Knopf and Olson 1984; Crawford et al.
1996; Di Tomaso 1998; Everitt 1998; Katz and Shafroth
2003).

WT and ET data were collected between 2000 and 2013.
The four sites with the longest record of WT and ET
monitoring are included in this study (Fig. 1; Table 1). They
are, from upstream to downstream: (1) a cottonwood-
dominated site near Albuquerque (ABQ), which had its
saltcedar and Russian olive understory removed in 2004
(Cleverly et al. 2006; Martinet et al. 2009) and was partially
burned by a wildfire in 2007 (Cleverly et al. 2015); (2) an
emerging Russian olive-dominated and willow-dominated
site at the La Joya State Game Refuge (LJY); (3) a site of
saltcedar thickets interspersed with saltgrass (Distichlis
spicata) and halophytes at the Sevilleta National Wildlife
Refuge (SEV) and part of the Sevilleta Long Term Ecolo-
gical Research (LTER) program; and (4) a dense saltcedar-
dominated site within the Bosque del Apache National
Wildlife Refuge (BDA). Given sufficient discharge during
snowmelt and summer monsoonal storms, the river inun-
dates the floodplains at LJY and BDA. SEV flooded only
once across the entire record in September 2013 for a single
day, and ABQ remained dry. Near-well hydraulic
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conductivities (from slug tests) range from 1.3 mday ' in

the silty sand and clay lenses at BDA to 41 mday ' in the
sandy sediments at ABQ. We also measured leaf area index
(LAI) to estimate canopy structure at ABQ, SEV, and BDA,
described in Dahm et al. (2002) and Cleverly et al. (2006).
The Rio Grande corridor and sites are described in more
detail by Crawford et al. (1996), Dahm et al. (2002), Cle-
verly et al. (2006), and Martinet et al. (2009).

Monitoring and Datasets

WT monitoring wells were located in the historical flood-
plain between existing, constructed levees and the main
channel. Wells were installed ~1 m below the baseflow WT.
Wells were constructed of 5cm inner diameter PVC pipe
with 1 m long, 0.25 mm slot screen lengths, capped at the
bottom. Each site had a network of five wells: a central well
(C) and four wells 40 m from the center well in the four
cardinal directions (N, S, E, W). Pressure transducers log-
ged WT levels at 30 min intervals in most of the wells at
various times (i.e., gaps in measurements were inevitable
from time to time in some wells). Along with all data col-
lection, water levels were determined manually to calibrate
transducer measurements.

Growing season and daily rates of ET were measured
with eddy covariance flux towers placed within the internal
boundary layer of the riparian corridor (for detailed
descriptions see Cleverly et al. 2006, 2015). Briefly, water
vapor density and vertical wind speed were measured at a
frequency of 10Hz, and their covariance was computed
every 30 min. Corrections were then applied to account for
the physical setting of the measurements. These corrections
included: two-dimensional coordinate rotation to align the
wind with the sensors (Wesely 1970) and to eliminate lat-
eral flux divergence from the conservation equations (Stull
1988); frequency-response corrections to account for the
physical orientation of sensors and path averaging (Mass-
man and Clement 2004); conversion of heat flux based on
virtual temperature to that of actual air temperature (Scho-
tanus et al. 1983); and the Webb—Pearman—Leuning cor-
rection for flux effects on density measurements (i.e.,
density of water vapor in air; Webb et al. 1980).

Approved Rio Grande surface discharge data from the
USGS Albuquerque gage were obtained from the agency’s
National Water Information System web interface (USGS,
gage #08330000, waterdata.usgs.gov/nwis). Approved data
were released by the USGS following quality control. This
gage is the closest in proximity to our sites with reliable,
long-term data and captures snowmelt runoff into our sites.
Climate conditions during the 2000-2013 study were char-
acterized by the Palmer Hydrologic Drought Index (PHDI).
Mean monthly data were collected from the National
Oceanic and Atmospheric Administration National Climatic
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Data Center (NOAA). PHDI data were averaged from the
regions that affect the MRG: NOAA New Mexico Climate
Divisions 2 (Northern Mountains) and 5 (Central Valley).

Reductions in streamflow, storage, and groundwater
elevations are indicators of hydrological drought, where
impacts can linger long after the effects of a meteorological
drought have subsided (Heim 2002; Keyantash and Dracup
2002). PHDI is a variation of the Palmer Drought Severity
Index (PDSI) that uses the index from longer term, estab-
lished spells rather than incipient indices (Guttman 1991).
Thus, it is considered a hydrological rather than a meteor-
ological drought index. Dahm et al. (2003) found that for
this region, PHDI and PDSI provide comparable char-
acterizations of drought over a century. The Palmer indices
are critiqued in Alley (1984) and Guttman (1991).

Data Analysis

We assessed correlations between river discharge and PHDI
using simple linear regressions with change in discharge as
the dependent variable and change in PHDI as the inde-
pendent variable (SigmaPlot, Systat Software, Inc., San
Jose, CA). We also performed regressions to assess rela-
tionships between annual mean WT level change and total
growing season ET, with change in ET as the dependent
variable and change in WT depth as the independent vari-
able. We introduced a simple parameter to compare the
annual range in WT fluctuations to mean WT depth as a
measure of variability between sites, the range to depth ratio
(R/D). Coefficients of variation were also calculated to
compare annual WT variability between sites. To determine
if riparian communities respond to flooding we analyzed ET
rates at three sites over several years during the snowmelt
period, which coincides with the longest inundations at sites
that flood (LJY and BDA). We included the site located
between them, SEV, as a non-flooding control. We first
performed three separate, one-way analyses of variance
(ANOVA, SAS Institute, Cary, NC) within each individual
site to assess if ET differed among years. Post-hoc Fisher’s
least-square differences (LSD) tests were used to compare
ET rates within each site during each year’s snowmelt
period to determine if ET was affected by flooding. Above
average snowmelt flows resulting in long-duration floods
occurred in 2005 and 2008.

Results
Climate and River Flow
Climate conditions and Rio Grande discharge during the 14-

year study were expressed during snowmelt (mean of the
months of April through June, inclusively) and over the full
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and discharge, snow melt is the April-June mean for each year, and
growing season is the April-October mean for each year. Mean long-
term discharge (1942-2013) for snowmelt (sm, 35m®s ™", solid line)
and growing season (gs, 65m>s™', dashed line) periods are indicated

growing season (mean of the months of April through
October, inclusively) periods (Fig. 2). PHDI averaged —1.6
(moderate drought) in both periods. Severe drought (—3)
occurred during snowmelt and full growing seasons in 5
years, three of which were below —4 (extreme drought).
Unusually wet periods (PHDIs > 2) occurred during snow-
melt in 3 years and throughout the growing season in a
single year (2005). PHDI showed a marginally stronger
correlation to growing season discharge than to snowmelt
discharge (*=0.63 and 0.52, respectively; p <0.05 for
both). Growing season PHDI and ET were well correlated at
LJY, SEV, and BDA (Pearson’s correlation coefficients
from 0.7 to 0.8, data not shown).

Rio Grande snowmelt flows averaged 45.3 m> s during
the study period, 69% of the long-term (1942-2013) mean
of 65.4m’s™'. Growing season flows averaged 27.4m’
s7! or 71% of the long-term mean of 38.3 m>s~'. Snow-
melt and growing season flows were less than 75% of the
long-term mean in 10 years and less than 50% in 7 and 5
years, respectively. The years 2009 and 2010 were closest
to long-term means during both flow periods (all within
97-110%). In 2005 and 2008, respectively, snowmelt dis-
charge was 88 and 54% higher than the long-term mean,
and growing season discharge was 61 and 40% above
average. The year 2005 also had the wettest PHDIs both
during snowmelt (3.53) and over the full growing season
(2.62), far exceeding the snowmelt and full growing season
means of all years (—1.55 and —1.61, respectively). Despite
the two wet years, the maximum snowmelt flows that his-
torically co-occur with cottonwood seedling germination
were well below normal in most of the study years, greatly
limiting flooding and deepening WTs, particularly at BDA,
where WTs remained >3 m below the ground for most of
the 2002—-2004 growing seasons (Fig. 3). Even if high flows
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Fig. 3 Mean daily WT depths for LJY, ABQ, SEV, and BDA (upper
four hydrographs, left axis) and Rio Grande discharge (single lower
hydrograph, right axis)

in 2005 had been capable of scouring sites suitable for
future seedling establishment, snowmelt flows and WTs
plummeted in 2006, detrimentally affecting survivorship of
seedlings or saplings that might have germinated in 2005.

Peak daily discharge at the USGS Albuquerque gage
upstream of the sites occurred during the snowmelt period
(1 April-30 June) in 76% of the years in the 1942-2013
record. Peak flows associated with snowmelt generally have
occurred in mid to late May. The US Army Corps of
Engineers completed Cochiti Dam upstream of this gage in
1974, after which peak flows diminished by 10% and
occurred 11 days later (Fig. 4). Prevailing dry conditions
from 2000 through 2013 were associated with a 29%
reduction in peak flows during the post-dam era
(1975-2013, Fig. 4). Peak snowmelt flows capable of
forming open germination sites through erosion and
deposition are now constrained by the dam. The shift in
peak flow timing further decouples spring runoff from the
brief window of cottonwood germination.

Water Tables

For WT depths and ET we defined an extended growing
season as 1 April through 15 November, which captures the
earliest start of ET (6 April 2004 at SEV) and the latest
termination of ET (10 November in both 2004 and 2010 at
BDA; Cleverly et al. 2006). Figure 5 illustrates growing
season patterns of surface flow and WTs at the sites in 3
years characterized by (a) drought, (b) intermediate condi-
tions, and (c) unusually wet conditions. In all cases, surface
flow and WT elevations peak during snowmelt. WTs at the
non-flooding sites with low R/D (ABQ and SEV) were
much less influenced by surface flows than at the more
connected sites with high R/D (LJY and BDA; Table 1).
Flood-prone sites were not inundated and experience deep
WTs during drought years when flows are <60m’s™'

@ Springer
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Fig. 4 Peak discharge (highest daily mean) during snowmelt periods
(1 Apr=30 Jun) from 1942 to 2013. Mean peak discharge and the peak
flow’s average date are indicated for the periods before Cochiti Dam
was complete (1942—1974) and after its completion (1975-2013). A
subset of post-dam discharge (2000-2013) is included to indicate the
lower flows that characterized most of the snowmelt flows during our
monitoring. Discharge data are from USGS gage 0833000 at Albu-
querque, NM

(Fig. 5a). By contrast, a much larger discharge of water
(>100m> s~ ") over most of the snowmelt period in 2005
led to extensive overbank flooding and shallow growing
season WTs at LJY and BDA (Fig. 5c). Surface flow and
WTs were closest to their means in 2009, which resulted in
restricted flooding at LJY and especially BDA (where
flooding was not reflected in mean WT depth; Fig. 5b). The
range in WT depths across sites (but especially for the
flood-prone sites LJY and BDA) was attenuated in the wet
year, enhanced in the drought year, and intermediate in the
intermediate years (Fig. 5). Overall, WTs ranged from ~4 m
depth to more than 0.5 m flood height (Table 1; Figs. 3 and
5). Mean WTs ranged from ~1 m depth at LJY to 2 m depth
at SEV and BDA. Like peak river flows, minimum WT
depths were most frequent during snowmelt. Maximum WT
depths typically occurred late in the growing season. WT
levels were highly variable at the more hydrologically
connected flood-prone sites (BDA, LJY), where the mean
range exceeded mean depth. Minimum WT depths all
occurred in the two wet years (2005 and 2008). Maximum
WT depths occurred in dry years (Fig. 5a) at all sites except
in the wet year (2005) at LJY, where the WT dropped from
its highest peak (flooded) to its maximum depth in fewer
than 4 months (Fig. 5c, Table 1).

More than 80% of minimum WT depths occurred during
the 1 April-30 June snowmelt period that is critical for
native cottonwood establishment. Mean minima were
observed during this period, excluding the less common
years when short-lived minima occurred later in the summer
following intense monsoonal storms. Mean minimum WT
levels were measured in May, occurring progressively later
upstream from BDA to ABQ, where they nearly coincided
with peak river flow at the nearby USGS stream gage
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Fig. 5 WT hydrographs at the four study sites and Rio Grande dis-
charge at the USGS Albuquerque gage. Half-hourly data WT and flow
collected during three growing seasons characterized by different
PHDIs: a severe drought (2003), b normal range (2009), and ¢ unu-
sually wet (2005). Mean PHDI and percent of long-term (1942-2013)
average river discharge (Q) for snowmelt (SM, Apr—Jun) and full
growing season (GS, Apr—Oct) are indicated

(Fig. 3; Table 1). For 60 days following peak elevations,
WTSs declined an average of 2.1 cm day ' at BDA, with 6 of
the 14 years exceeding rates of 2.5 cmday ' (cf. declining
WTs during each year’s snowmelt season in Fig. 3). WTs
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Fig. 6 Relationships between mean growing season WT depth and ET
over several years. Lines are least-squares regressions (p < 0.01 at LJY
and BDA). CV =mean of yearly coefficients for variation in WTs.
The year 2008 was excluded at BDA due to incomplete ET data

descended 1.8 cmday ' at LYY and much more slowly at

ABQ and SEV (0.5 cmday ). Seedling roots at BDA and
LJY are thus less likely to keep pace with the rapidly
declining capillary fringe than at ABQ and SEV.

ET and Flooding

Mean growing season ET ranged from 79 cm at SEV to 119
cm at LJY. ET was highest at the sites that were flooded
during wet years. ET was lowest during dry years at all
sites, although the particular dry year in which ET was
lowest varied across sites (Table 1). On average, ET rates
were lower in the saltcedar-dominated sites, SEV and BDA,
particularly at SEV, the site with the lowest leaf area index
(Dahm et al. 2002; Cleverly et al. 2006). ET within sites
varied by 30—40 mm annually except at ABQ (16 mm),
which also exhibits the least ranging WT depths (Table 1).

Growing season ET declined with deeper WTs within each
site across years (Fig. 6). Lower rates of ET during years
associated with drought and deeper WTs at BDA may be
indicative of water stress, although saltcedars can tolerate
these conditions more readily than native species. Stronger
correlations between ET and WT were observed at BDA and
LJY, sites with dynamic WT fluctuations and larger range to
depth ratios than at ABQ or SEV. Relationships between
growing season WT and ET were very weak at sites that do
not have a recent history of flooding (ABQ and SEV; Fig. 6).
In contrast to within sites, WT depth itself is not a reliable ET
indicator across sites. As an example, SEV and BDA have
similar mean WT depths but very different ET rates (Table 1).

Spring snowmelt floods were larger in magnitude and
duration than flashier summer monsoonal floods. To
examine the effect of sustained flooding on the ecosystem,
we compared mean daily ET rates within the flood-prone
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Fig. 7 Mean WT depth and mean daily ET during peak snowmelt
runoff (1 May—15 June). Average inundation over the complete peak
snowmelt period occurred at BDA in 2005 and 2008 and at LJY in
2005. LJY was flooded for most of 2008, although lower WTs at the
furthest two wells from the channel resulted in a slightly higher sub-
surface mean. LJY was excluded in 2004 due to limited ET data. SEV
is included here as non-flooding control site. Within each site, yearly
ET means are compared to determine if they exhibit annual differences
in response to flooding. ET rates with the same letter (BDA: a, b, c;
SEV: p, q, r; LIY: x, y, z) are not significantly different at the 0.05
level (ANOVA with post-hoc Fisher's LSD tests, SAS Institute 2015)

sites (BDA, LJY) during each year’s peak historic spring
runoff period (1 May-15 June) over the period when LJY
was mostly operational (2003 through 2008). Complete
inundation occurred over the entire period in 2005 and 2008
at BDA and in 2005 at LJY, which was inundated in 2008
> 60% of the time and the soil remained saturated despite a
mean WT elevation just below the ground surface (Fig. 7).
Within each of these sites as well as non-flooding SEV, ET
during snowmelt varied significantly across years
(ANOVA, for LIY F =13, df =4217, p <0.0001; for SEV
F=6, df =5271, p <0.0001; for BDA p =24, df = 5268,
p <0.0001). Fisher's LSD post-hoc tests revealed that ET
was significantly higher at LJY in flood years vs. dry years
(p <0.05). By contrast, significant differences in ET across
years at BDA did not coincide with flooding patterns,
including the extremely dry snowmelt period in 2006
(Figs. 2 and 7). In fact, ET was significantly lower in one of
the flood years (2005) than in several dry years at this site.
Thus, riparian communities along the river do not respond
uniformly to flooding.

Discussion
The Drought Index

In general, river flow, WTs, and ET reflected the dry cli-
matic conditions during the period of study (Figs. 2 and 3).
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Prevailing hydroclimatic conditions during the 14 years of
monitoring were moderately dry, with several severe to
extreme droughts encompassing both the snowmelt period
and the overall growing season (Fig. 5a). Wet conditions
and high river flows (Fig. 5c¢) were much less frequent.
Droughts covered much of the western U.S. during this
period. From 2000 to 2014, annual Upper Basin Colorado
River flows averaged over a 19% reduction from the 1906
to 1999 mean (Udall and Overpeck 2017). High flows in
2008 did not follow particularly wet conditions and were
more likely driven by management decisions to store and
move water downstream following a Rio Grande Compact
agreement early in 2008 (New Mexico Interstate State
Stream Commission 2009). The high 2008 discharge
despite a normal PHDI (Figs. 2 and 3) illustrates that water
resource management can exert greater influence on flows
than climate conditions. Low flows were aligned well with
PHDI during the driest years, particularly during the severe
droughts in 2002-2003 and again in 2011-2013 (Fig. 2),
which included severe droughts across the continental USA
in 2012 (Wolf et al. 2016) and across the southwestern
United States in 2011 (Moore et al. 2016; van Gestel et al.
2016). Although growing season PHDI and ET were well
correlated at three of the four sites, no correlation was
observed at ABQ, located just downstream from the
Albuquerque wastewater reclamation plant’s outflow. A
substantial and steady contributor to the MRG, this facility
likely maintains the shallow, stable, low ranging WT and
mitigates the impact of drought at this site.

The interaction of atmospheric moisture and the
hydrology of the basin drive riparian ecosystem functioning
in the MRG (Crawford et al. 1996). Restoration is therefore
dependent on the extent to which climate and anthropogenic
management influence the flow regime. As streams respond
to a variable and changing climate, riparian plant life cycles
are likely to exhibit various responses to hydrological
changes (Smith and Finch 2016). Long-term monitoring of
surface water and groundwater in tandem with plant
bioindicators can help explain the dominant vegetation
observed at riparian zones, help assess how species respond
to changes, and instruct flow management (Stromberg et al.
2006). PHDI can be a useful operational tool for ecological
and water resource management as a hydrological index
influenced by streamflow, reservoir storage, and ground-
water levels and with a recovery that lags behind more
immediate meteorological indices (Guttman 1991; Key-
antash and Dracup 2002; Svoboda et al. 2002). Snowpack
measurements and indices like PHDI help to assess and
project riparian moisture conditions at the onset of and
throughout growing seasons, but their effectiveness might
be compromised by water management and increasing
temperatures (Woodhouse et al. 2016; Udall and Overpeck
2017). Although we focused on snowmelt and full growing
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season periods, winter droughts in the snowmelt-driven
western US also can significantly affect entire growing
seasons that follow, where deficits can linger to the fol-
lowing winter (Redmond 2002).

Snowmelt Runoff, Groundwater Drawdown, and
Cottonwood Establishment

Gradual WT decline subsequent to scouring floods pro-
motes root elongation in cottonwoods (Segelquist et al.
1993; Amlin and Rood 2002; Sher and Marshall 2003).
Cottonwood seedling roots have been shown to grow up to
lcmday ' and 60-100 cmyear ' (Mahoney and Rood
1998). Mahoney and Rood (1998) found that a WT decline
of ~2.5cmday ! is likely the maximum rate at which the
seedlings can survive, although this rate is probably too
rapid for survival in the typically coarse sediment substrate
and hot, dry environment typical of the MRG prior to
monsoon season (Braatne et al. 2007). For example, during
a WT drawdown of more than 2 cmday ' over 20 days in
2002, depleted soil moisture in the root zone led to wide-
spread cottonwood seedling mortality at a site near BDA
(Bhattacharjee et al. 2006). In another study, seedling
mortality increased greatly after 3 weeks at a recession rate
of 0.7 cm day ' (Segelquist et al. 1993). Thus, WTs at BDA
and possibly LJY may recede too quickly for successful
germination of cottonwood (Amlin and Rood 2002) after a
spring inundation in wet years and may remain too deep at
BDA in dry years. Even though the sites continue to flood,
their dynamic WTs may be a disadvantage for cottonwood
establishment, particularly in the presence of saltcedar. WT
depths at the non-flooding sites were more amenable to
cottonwood root growth, but they lacked overbanking
spring flood pulses and thus would require extensive man-
agement (e.g., diversions of relatively high-energy water,
clearing, excavation, and planting or seeding) for estab-
lishment of cottonwood communities.

Similar to the reduction in overall river flows, peak
snowmelt runoff in the MRG during our 2000-2013 mon-
itoring period was substantially lower than the post-dam
mean, likely as a result of prevailing drought (Fig. 4).
Cottonwoods are more susceptible than saltcedar to reduced
flow and altered timing of peaks (Braatne et al. 2007;
Merritt and Poff 2010), which are typical hydrological
responses downstream of dams (Webb and Leake 20006;
Burke et al. 2009). Although Cochiti Dam operations may
have extended peak flow timing later into the growing
season (Fig. 4), many free-flowing, snowmelt-driven rivers
are experiencing earlier peak flows, partially uncoupling
seasonal flow from seedling establishment (Rood et al.
2008). Stella et al. (2006) found that early season tem-
peratures influence snowmelt runoff and the development
and release of seeds in Fremont cottonwoods (Populus
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fremontii). In the MRG, the shift towards managed, later
peak flows could be further detrimental to cottonwood
regeneration, especially if seeds are released earlier in
response to warming temperatures.

Despite two wet years with extended snowmelt overbank
flooding and favorably elevated WTs for germination (2005
and 2008), discharge peaks of up to 191 m’s™' did not
attain the magnitude necessary to scour substantive new
seedling sites. Floods (defined by monitoring well water
columns ascending above the ground surface) did endure at
LJY and BDA; however, for 60% (55 days) and 100%
(91 days) of the snowmelt period in 2005 and 2008,
respectively. This was in part due to operational decisions
related to upstream and downstream water storage. Inun-
dation of this duration can result in a hypoxic root envir-
onment detrimental to seedlings and mature plants
(Crawford et al. 1996; Cleverly et al. 2006; Auchincloss
et al. 2012; Cleverly 2013). However, some riparian species
of cottonwoods, willows, and alders tend to be moderately
tolerant of inundation and saturated soils (Harrington 1987;
Mahoney and Rood 1992; Scott et al. 1999; Auchincloss
et al. 2012), particularly those species located in low ele-
vation, near-channel habitats (Amlin and Rood 2001).
Effects of hypoxia are likely attenuated to some extent by
the well-oxygenated water overbanking the channel near
our sites, which has also been shown to increase dissolved
oxygen in groundwater (Valett et al. 2005) and to stimulate
production of adventitious roots near the high-water mark
(Cleverly 2013). In the Rio Grande corridor, a series of
frequent, high intensity, short duration flood pulses might
provide an influx of more oxygenated water and interrupt
periods of hypoxia and therefore be more beneficial to
native riparian vegetation, provided WT levels maintain
capillary soil moisture for seedling roots (Crawford et al.
1996; Follstad Shah and Dahm 2008; Auchincloss et al.
2012).

Water Table Depths and Fluctuations

WTs tracked river discharge quite well over the course of
14 growing seasons (Fig. 3). Compared to the first 7 years,
mean WTs from 2007 to 2013 were 36% shallower (0.8 m)
at BDA and <6% shallower or deeper at SEV and ABQ.
The change in the 7-year mean is likely due to higher river
flows and elevated WTs during the first three consecutive
years of the latter period (2008-2010), whereas 6 of the 7
years of the reference period (2000—2006) were drier than
normal (Fig. 2). The greater effect at BDA may have also
been due to flow redirected toward the site when the
channel was altered by the high discharge in 2008 (personal
communication, Bosque del Apache NWR staff). WTs
responded to flows in dry, wet, and normal years, particu-
larly at the more connected, higher ranging, flooding sites

(LJY and BDA, Fig. 5). BDA groundwater averages four
times the annual range of WT levels at ABQ and SEV
(Table 1, Fig. 5). Surface water and groundwater interac-
tions near SEV and ABQ were likely to be more stable due
to water that accumulates behind the US Bureau of Recla-
mation’s San Acacia Diversion Dam 2 km downstream of
SEV and Albuquerque’s wastewater treatment outflow 8 km
upstream of ABQ. Thus, we found that the effects of
drought on WT levels at some of our study sites were
partially ameliorated by water resource management in the
MRG.

Surface/subsurface connectivity indicates that ground-
water availability to alluvial riparian ecosystems is sus-
ceptible to changes in Rio Grande surface flows. Saltcedar
is a facultative, deep-rooted plant capable of growing across
a wide range of WT depths (e.g., BDA hydrographs, Fig. 5),
whereas cottonwoods are restricted to shallower WT depths
(e.g., ABQ hydrographs, Fig. 5; Robinson 1958; Howe and
Knopf 1991; Busch and Smith 1995; Mahoney and Rood
1998; Horton et al. 2001; Lite and Stromberg 2005).
Because cottonwoods and other native vegetation are vul-
nerable to cavitation caused by drought stress, their dis-
tribution in arid regions is limited to locations with reliable
WTs, often near streams (Pockman and Sperry 2000).
Cottonwoods at ABQ were mostly established prior to the
construction of Cochiti Dam. They are confined by levees to
a limited zone adjacent to the river. Though the site no
longer floods and sees little regeneration, the mature cot-
tonwood community has access to a shallow and low ran-
ging WT.

Cottonwoods and willows exhibit reduced stomatal
conductivity and photosynthesis and increased canopy
dieback and mortality with greater WT depth (Scott et al.
1999; Rood et al. 2000). Horton et al. (2001) observed
water stress in cottonwoods when depth exceeded 3 m,
while saltcedars, although showing some water stress with
depth, did not experience mortality in the full 8 m depth
range. Mean growing season WT depths at all of our sites
were shallower than 3 m. However, WTs at BDA from 2002
to 2004 remained below 3 m depth for 50-61% of those
three growing seasons (Figs. 3 and 5a), likely limiting
cottonwood and willow viability in this saltcedar-dominated
site, despite the reliable influx of flood water.

In addition to WT depth, cottonwoods are susceptible to
rapid WT fluctuations and rates of decline (Mahoney and
Rood 1992; Stromberg et al. 1996; Scott et al. 1999; Lite
and Stromberg 2005). WTs at LJY and BDA were much
more variable than at ABQ and SEV (Figs. 3 and 5;
Table 1). At the dynamic, flood-prone sites, the seasonal
range in WTs usually exceeded the mean depth with range
to depth (R/D) ratios exceeding unity. Thus, the mean R/D
of 1.5 and an annual depth of 2m at BDA would be
expected to produce a range of 3 m, and sites with larger
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values of R/D could result in flooding or relatively deep
WTs (or both, in the case of LJY in 2005, Fig. 5c; Table 1).
Growing season WT ranges can be similar in wet and dry
years. The largest R/Ds occurred at LJY and BDA in the
substantial flood years (2005 and 2008), when mean WT
depths were shallowest. The stable, non-flooding sites had
more limited ranges, maintaining R/Ds of less than 0.5 with
similarly shallow depths (Table 1). Variations in range and
depth of WTs are important indicators of riparian restora-
tion potential (Segelquist et al. 1993; Scott et al. 1999;
Shafroth et al. 2008) and likely are indicative of sites that
better support native species (ABQ) or invasive species
(BDA). In locations with high R/D ratios, cottonwoods may
be at a disadvantage. Saltcedars are more flexible phreato-
phytes with the potential to produce deep roots that can
more effectively extract water from unsaturated soil and
thus are less impacted by variable depths (Busch and Smith
1995; Cleverly et al. 2006). In two southwestern U.S. stu-
dies cottonwood abundance was greater at sites with less
fluctuation in WTs (Lite and Stromberg 2005), and sapling
survival was more dependent on limited range than depth
(Shafroth et al. 2000). Along the San Pedro River in Ari-
zona, Lite and Stromberg (2005) found that native trees
dominated at sites with small WT fluctuations (<0.5 m) and
mean depths of less than 2.6 m, which equates to an
approximate R/D ratio of 0.2. At ABQ, our most
cottonwood-dominant site, R/D was 0.4. At another
cottonwood-dominated flooding site ca. 30 km downstream
of ABQ (with limited ET data but 9 years of WT data), R/D
averaged 0.8 (>1 in the 2 wet years). This lower R/D ratio
was largely driven by proximity of that site to irrigation
ditches. At a mean depth capable of supporting cotton-
woods, there may be a dynamic range whereby inundation
and drawdown maintain an optimal R/D (e.g., 1 or less).
Conditions at LIJY appear reasonably favorable. The mod-
erately high range in WT is tempered by the shallow depth,
and the site occasionally floods. A small number of young
cottonwoods exist within the forest, where willows and
Russian olives make up the majority of the riparian plant
community.

While cottonwoods depend on the natural flow regime
and shallow WTs, saltcedars tolerate a wider spectrum of
flows and WT depths (Di Tomaso 1998; Dahm et al. 2002;
Stromberg et al. 2006; Merritt and Poff 2010) and dominate
sites with R/Ds from 0.3 (SEV) to 1.5 (BDA; Table 1). As
with cottonwoods, open, exposed sites facilitate saltcedar
recruitment (Merritt and Poff 2010), and saltcedars disperse
seeds over a much longer portion of the growing season.
Saltcedars occupy active floodplains, as well as terraces
unsuitable for mesic riparian trees, such as cottonwoods
(Nagler et al. 2005). Vegetation at SEV has access to
relatively shallow, low-ranging WTs but is mostly limited
to drought-adapted saltcedar (Cleverly et al. 1997, 2006)
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and other xeric species, such as salt grass, halophytes, and a
few mesquite (Prosopsis ssp.). Groundwater at this site is
also affected by an upwelling of deep brackish groundwater.
Consequently, it has a much higher concentration of salts
than the other sites (unpublished data), supports plants with
higher salt tolerances, and would be a candidate for
restoration to upland species instead of cottonwood and
willow (Shafroth et al. 2005). Like ABQ, flooding does not
generally occur at SEV (1 day in the 14- year study).

Russian olives also exhibit generalist traits and can
establish in undisturbed (e.g., non-flooding) sites, in drier,
elevated bottomlands, and under dense canopies given their
tolerance for shade (Katz and Shafroth 2003; Nagler et al.
2005; Mortenson and Weisberg 2010; Reynolds and Cooper
2010; Hultine and Bush 2011). Russian olives thrived in the
highly variable WT (R/D =1.6) and flooding regime at
LJY, rejecting in this case the hypothesis that Russian olive
is favored by the reduced levels of disturbance found
downstream of dams (Katz and Shafroth 2003). Cotton-
woods are thus subjected both to altered hydrologic regimes
and to introduced competitors with more plastic traits.

ET Responses to Water Table Depth and Flooding

Plant community water requirements can be measured by
ET responses (Stromberg et al. 20006), the effects of which
can be seen in sinusoidal diel WT hydrographs (Martinet
et al. 2009). A quantifiable relationship between WT depth
and ET is a challenge to assess at fine-scale intervals (daily
or sub-daily) in riparian sites (Butler et al. 2007; Lautz
2008; Loheide 2008; Martinet et al. 2009). As in other
phreatophyte investigations, ET in the MRG declined with
deeper WTs on a coarse temporal scale (growing season:
Devitt et al. 1998; Cooper et al. 2006). However, mean WT
depths between our sites were not a reliable indicator of
groundwater consumption. For example, SEV and BDA
both exhibited mean WT depths ca. 2 m, but ET averaged
nearly 30% greater at the latter site (Table 1). The dynamic,
flooding sites (BDA and LJY, with differing vegetation)
exhibited much more robust correlations between ground-
water depth and ET (Fig. 6). Plants able to establish in
widely ranging sites may have a more extensive network of
roots that more readily utilize groundwater and available
soil moisture. Higher R/D sites expose and inundate a
greater extent of the biogeochemically active saturated and
vadose zones throughout the growing season (Vinson et al.
2007) and may influence ET more than depth itself (Cle-
verly et al. 2006). We did observe an ecosystem response to
flooding when ET was higher when comparing individual
dates of flooding vs. dry conditions at BDA (Cleverly et al.
2015). We also examined the relationship between ET and
elevated WTs and flooding at these sites during high runoff
in the two wet years.
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Extensive flooding in the 2005 and 2008 snowmelt
periods coincided with significantly higher ET compared to
dry snowmelt periods at LJY but not at BDA (Fig. 7). It is
likely that standing flood water in the more open canopy at
LJY had a greater effect on the evaporation component of
ET and total ET than at the densely covered BDA site. This
has implications for managed floods during snowmelt as a
restoration strategy. While flooding may temporarily
increase ET rates in more open, emerging mixed stands,
inundation into mature saltcedar thickets would not likely
result in excessive water consumption in this water-scarce
region.

Restoration Strategies and Challenges

The differing riparian communities at the four sites we
investigated are likely a product of their hydrological
regimes (Fig. 5). Based on the average age determined by
Howe and Knopf (1991), cottonwoods along the Rio
Grande in Albuquerque were mostly established in the
1940s, when snowmelt runoff and flooding were less
regulated by dams, diversions, and levees. Yet they now
benefit from managed and return flows that maintain shal-
low, low-ranging WTs, including at the ABQ site. Prior to
understory clearing in 2004, ABQ in addition to LJY con-
tained Russian olives, illustrating the large range in suitable
hydrological regimes (Katz and Shafroth 2003). The
exclusion of Russian olives at SEV and BDA may be due to
high concentrations of salts and the exceedingly deep WTs
during droughts, respectively. Saltcedars at BDA can tol-
erate wide WT fluctuations, including lengthy drops in WTs
during droughts. The lack of flooding at SEV is a compe-
titive advantage for saltcedars over native riparian species.

Groundwater regimes necessary to regenerate and sustain
aridland cottonwood-dominated riparian ecosystems need to
be well characterized and ecosystem response to changes in
groundwater availability carefully monitored (Eamus and
Froend 2006; Webb and Leake 2006; Stromberg et al.
2007). Ideally, informed flow management could enable
cottonwood seedling recruitment (Mahoney and Rood
1998). Given favorable WT drawdown rates, cottonwood
seedlings can outcompete saltcedar in open canopy areas
(Sher and Marshall 2003). Cottonwoods that can establish
in suboptimal conditions at the drier end of the fluctuating
moisture gradient are more likely to avoid mortality due to
flooding and scouring in subsequent years and may have the
best chance of surviving to maturity (Segelquist et al. 1993).
In the MRG, the fringes of the floodplain at LJY might be
such a site, with occasional flooding and a reasonable R/D
ratio where depth remains relatively shallow. In years when
snowpack is well above normal managed flooding would be
a useful tool in locations targeted for recruitment and
restoration of cottonwood and other native vegetation

(Mahoney and Rood 1998; Molles et al. 1998; Stromberg
2001; Rood et al. 2003; Taylor et al. 2006; Follstad Shah
and Dahm 2008; Merritt and Poff 2010; Benjankar et al.
2014).

In the MRG, the absence of flooding of sufficient mag-
nitude to scour fresh substrate might require manual clear-
ing to mimic erosional scouring and deposition in suitable
sites during the narrow window of cottonwood seed dis-
persal (Howe and Knopf 1991; Burke et al. 2009). Flooding
in high runoff years, even if lacking the energy to scour,
could provide elevated WTs and drawdown rates conducive
to restoration. Areas largely dominated by dense, mature
saltcedar, such as BDA that are inundated with low-energy
water would likely not recruit new seedlings (Merritt and
Poff 2010; Reynolds and Cooper 2010) nor see increased
water consumption during years with flooding (Fig. 7).
Optimal site conditions for native recruitment and sustain-
ability are challenging to locate in the regulated, water-
limited Rio Grande corridor. If the latent causes of species
decline are not addressed, restoration, including passive
restoration to remove stressors, is often unsuccessful (Rood
et al. 2003; Lite and Stromberg 2005; Shafroth et al. 2008)
and squanders time and funds. A flood-prone site like BDA
might appear promising for restoration (Fig. 5c¢), but long-
term monitoring revealed that its high ranging WT may be
too great to support native species during extended droughts
(Fig. 5a). Despite the ability of invasive species to compete
in varying hydrologic conditions, a river that can be man-
aged to mimic its natural flow regime to the extent possible
is a key component of native species restoration (Merritt
and Poff 2010; Yarnell et al. 2015). In some cases the
pattern of flow is more critical to native recruitment than the
quantity of flow (Rood et al. 2003). Reorganizing and sta-
bilizing disconnected ecosystems within the floodplain will
likely depend on managed flooding, some level of invasive
species control and long-term WT monitoring (Stromberg
et al. 1996; Poff et al. 1997; Molles et al. 1998; Rood et al.
2003, 2005; Shafroth et al. 2008; Merritt and Poff 2010).

Regional temperatures in the catchment have increased
over the past few decades, depleting snowpack and redu-
cing seasonal flows. This shifts peak runoff earlier by
weeks, increases ET, and escalates consumption by crops
(Gutzler 2004; Lukas et al. 2014; Dettinger et al. 2015). In
the MRG, irrigation storage and river management since the
completion of Cochiti Dam have counteracted earlier
snowmelt, thus maximum snowmelt flows now occur an
average of 10-11 days later (Fig. 4). Shallow alluvial
aquifers will likely be the groundwater component most
vulnerable to climate change (Alley et al. 1999). Ground-
water is already replacing surface water supplies for use by
humans and is rapidly diminishing in the western US and
globally (Castle et al. 2014; Famiglietti 2014). The hydro-
climatic regime in the western US is expected to see a
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decrease in surface water and groundwater availability and
an increase in drought frequency (McCabe and Wolock
2007; Barnett et al. 2008; Rood et al. 2008; Perry et al.
2012; Castle et al. 2014; Woodhouse et al. 2016; Udall and
Overpeck 2017) particularly in the Southwest (Cayan et al.
2010; Williams et al. 2013; Cook et al. 2015) and in the
upper Rio Grande watershed (Hurd and Coonrod 2012;
Llewellyn et al. 2013; Dettinger et al. 2015; Elias et al.
2015). Consequently, it is imperative to optimize restoration
strategies within a changing climate.

ET rates declined with WTs during drought, although the
correlations were weaker at sites with more stable WTs
(ABQ and SEV). We observed increased ET rates during
extended flooding at an emerging, open site, but con-
comitant flooding at a mature saltcedar stand had no effect
on ET. This indicates that inundation into ubiquitous salt-
cedar stands that will occur when targeting other sites with
floods for regeneration may have little effect on regional
water budgets. Riparian restoration will not result in large
water savings in ET (Shafroth et al. 2005; Moore and
Owens 2012). Rates of ET scale to leaf area, and dense
riparian stands of vegetation use more water than sparse
stands. However, more drought-tolerant saltcedars can
persist in habitats unable to support native species and
increase canopy cover in these locations within the catch-
ment (Hultine and Bush 2011). Russian olives can poten-
tially occupy substantial areas of the western US. They can
establish well above stream channels and subsist on (and
thus intercept) precipitation for several years, subsequently
tapping into the alluvial aquifer (Reynolds and Cooper
2010). This species was most commonly observed by
Knopf and Olson (1984) on outer edges of riparian vege-
tation where it meets upslope vegetation and is observed on
terraces absent of native phreatophytes (Hultine and Bush
2011). Similarly, saltcedars are facultative phreatophytes
that can survive on soil water without reductions in tran-
spiration due to very deep WTs (Busch et al. 1992; Gries
et al. 2003). In the absence of some extent of native
restoration, saltcedar and Russian olive thickets will likely
dominate riparian woodlands and could spread further into
the historic floodplain, exacerbating basin ET losses and
affecting water budgets (Howe and Knopf 1991; Dahm
et al. 2002; Webb and Leake 2006). The impact is greater in
smaller watersheds, such as the San Pedro River in Arizona
(Hultine and Bush 2011).

Conclusions
Riparian ecosystems in the MRG’s semi-arid climate are
dependent on groundwater and surface flows derived lar-

gely from upstream montane catchments. These flows cor-
relate reasonably well with PHDI, a tool that can help
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project seasonal discharge. In addition to climatic influ-
ences, surface and groundwater flows are also impacted by
irrigation dams, diversions, and wastewater discharge. We
found that the magnitude and timing of snowmelt-driven
peak discharge in the MRG is diminished and occurring
later, respectively, following completion of a large upstream
dam. River management aligned to the extent possible with
a more natural functional flow regime would better meet the
needs of the native riparian communities (Poff et al. 1997;
Yarnell et al. 2015). Long-term monitoring of WTs in
riparian ecosystems revealed widely varying annual and
daily hydrographs that can indicate the requirements of
existing communities and assess if potential restoration sites
meet cottonwood and other native vegetation tolerances for
WT depths, rates of recession, and variability throughout
their life stages. Highly variable hydrographs were observed
(BDA) that can preclude native vegetation that is less
adapted to deep drawdowns during extended droughts. We
also found that WT drawdown rates vary between sites and
must be assessed in regard to recruitment potential. Sites
with relatively shallow WTs and limited annual variability
(RID<1) might be ideal. A location with a lower R/D
situated further into the floodplain from the channel (e.g.,
away from the active river channel at LJY), and occasional
diversions of flood water into a non-flooding, low R/D site
(ABQ) could be considered. As well, monitoring reveals
that sites like SEV and BDA, where invasive species are
likely to out-compete natives, can be avoided or targeted for
rehabilitation using native, xeric-adapted riparian plants
(Shafroth et al. 2005). Suitable restoration sites have
diminished greatly as the once meandering, freely flowing
Rio Grande has been constrained and depleted. Increasing
demands on water and the presence of invasive vegetation
that is less susceptible to the altered hydrologic regime can
further impact the floodplain. Long-term monitoring at
various sites over a range of hydroclimatic extremes reveals
attributes that can be evaluated for restoration potential.
These include the likelihood of flooding, timing of peak WT
elevations, rate of WT decline following peaks, and WT
depths and variability associated with snowmelt and the
overall growing season that are critical to successful native
plant germination and sustainability.
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