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Introduction

This chapter discusses the components of the water bud-
get for a riparian system containing large stands of saltcedar
or Russian olive—that is, how water is used by the plant
community and how that use affects both streamflow volume
and groundwater levels. The relation of water availability 1o
the hydrologic cycle and geomorphic setting in the Western
United States, as well as the importance of scale, time, natural
variation in climate, and the role of human activity in relation
to water availability are discussed. Published literature on
evapotranspiration rates is summarized to provide historical
context for past efforts to bring about changes in water avail-
ability through control of salicedar and Russian olive. Specifi-
cally, this chapter deals with the feasibility of water savings,
defined here as the potential increase in water available for
beneficial human use (both subsurface and surface waters)
as a consequence of a change in vegetation and land-cover
characteristics brought about by the removal or reduction of
saltcedar and Russian olive.

The Conceptual Model for Producing
Water Savings

Water Supply and the Water Budget

The water supply available for human use consists of
streamflow (surface water) and extractable groundwater. The
water budget for any segment of a river and its flood plain is
the sum of water gains, water losses, and change in storage
(fig. 1). Water gain is provided by precipitation, surface warer

inflow, imported water from pipelines or canals, and ground-
water inflow. Water loss occurs by direct evaporation from the
ground and the water surface, plant transpiration, metabolic
walter use', surface-water outflow, water exported by pipelines
or canals, and groundwater outflow. Loss duc to evaporation
and transpiration commonly are combined and referred to as
evapotranspiration. Change in water storage results from the
difference between gains and losses and primarily manifests
as increases or decreases in surface water or subsurface water
volumes. Water in the subsurface includes groundwater and
water in the unsaturated or vadose zone between the water
table and the soil surface (fig. 2). A significant amount of
waler is stored in the vadose zone, where it may be available
to plants, depending on plant characteristics such as drought
tolerance or root length, but does not contribute to groundwa-
ter levels or stream flows.

The components of the water budget that can be affected
by vegetation-control projects are limited to a subset of the
variables described above. Changes in vegetation cover fol-
lowing nonnative plant removal and subsequent revegetation
(via natural processes or active management; sec chap. 7, this
volume) may lead to changes in

1. Total amount of plant transpiration as a result of
changes in plant community composition,

2. Rate of direct evaporation from the ground and water
surface as a result of changes in the extent of shading,
and

'Water is also taken from the system and converted into plant material. For
the purpose of this report, such water is termed “metabolic water use.” Meta-
bolic water is a small part of the water budget compared to transpiration; for
example, in a greenhouse study, saltcedar transpired about 500 g of water for
every gram of water accumulated in its biomass (Glenn and others. 1998).
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3. Total amount of metabolic water use as a result of
changes in total biomass.

These changes may, in turn, produce changes in ground-
water levels and streamflow volume. Figure | illustrates
the components of the water budget of a segment of river
and its flood plain, including those that can be affected by a
vegetation-control project. A common approach for measuring
water lost from an area by evaporation from soil and transpira-
tion by plants is to measure evapotranspiration (Verhoff and
Campbell, 2005).

Transpiration

Based on the water budget for a river segment, if
transpiration losses can be minimized or eliminated by
the removal of vegetation, the result could be more water
in storage, either in the subsurface (soil moisture and the
groundwater-flow system in the flood plain and associated
terraces), in the river, or both.

Surface-water inflow,
imported water
(pipelines, canals)

Groundwater inflow

Figure 1.

In the case where different plants remove different
amounts of water from the landscape through transpiration,
removal of those plants with the greatest transpiration rates
could produce the greatest change in water storage, resulting in
the greatest water savings. Plants differ in the depth to which
their roots grow, so those species that can use deeper water
tables can grow on higher elevation fluvial surfaces (terraces)
than species that are dependent on shallow groundwater (fig. 3)
(Scott and others, 2000; Snyder and Williams, 2000; Gazal
and others, 2006; Scott, Huxman, and others, 2006; Stromberg
and others, 2006; Webb and Leake, 2006). Thus, removal of
deep-rooted plants from areas where the water table is deeper,
but still accessible by plant roots, might also be expected to
produce water savings if they are replaced with more shallowly
rooted plants (Wilcox and others, 2006). Depth to groundwater
and distance from the main channel are often, but not always,
correlated (as in a cutbank that is a very short lateral distance
from the channel but could be associated with a high terrace). It
is also possible that the replacement plant community will have
less overall biomass and leaf area, and therefore use less water

,W'qr-"].pﬂ.

ce-water outflow,
ported wate

Groundwater outflow

Diagram of a water budget (modified from Healy and others, 2007).
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Figure2. Schematic of a bottomland ecosystem, including key physical and biological components. See chapter 1 for definitions of

terms.

per unit area, independent of leaf-level transpiration rates, po-
tentially reducing water use (Schaeffer and others, 2000; Gazal
and others, 2006). In summary, production of water savings
depends upon long-term replacement of saltcedar and Russian
olive with plant communities that have overall lower transpira-
tion, and perhaps metabolic water use if subsequent studies
indicate such use is significant in relation to transpiration. Also,
the changes in transpiration must be substantial enough to
translate into more extractable groundwater or streamflow vol-
ume, and not just increased water storage in the vadose zone.

Shading

It is important to consider that removal of vegetation
can significantly reduce shading of the soil and surface water,
potentially increasing direct evaporation. Bare soil evaporation
can be as great as or exceed the transpiration from vegeta-
tion that has been removed (Welder, 1988; Scott, Goodrich,
and others, 2006). The water savings hypothesis requires that

any savings gained through reduced evapotranspiration and
metabolic water use not be offset by increased evaporation
from ground and water surfaces. Also, if use of groundwater
by vegetation is reduced, groundwater levels can rise. This rise
in groundwater levels, coupled with the process of capillary
rise, may bring the groundwater close enough to the surface to
increase evaporation from the soil surface.

Surface Water-Goundwater Interaction

Even when a decrease in transpiration is brought about
by vegetation removal, increased water storage in the vadose
zone and alluvial groundwater may not result in a simultane-
ous increase in streamflow. The rate of movement of moisture
from the soil to the water table and within groundwater-flow
systems toward a river can vary from days to years to centuries
(Winter and others, 1998). Also, the interaction of ground-
water and different segments of a river are not uniform, in part
due to differences in the geologic setting of stream valleys
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After vegetation removal and restoration
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Figure 3. Schematic diagram of a cross section of river bottomland surfaces showing native and nonnative plant communities.

in the Western United States (Miller, 2000). In some places,
water moves out of the river through its banks or into its bed
(fig. 4), whereas in other places groundwater enters the river
from the banks or the river bed (Winter and others, 1998).

In some places, essentially no exchange takes place between
groundwater and surface water because either the direction

of flow in each does not intersect, or because the sediment
lining the riverbed is silt or clay that is not very conducive to
water movement (low hydraulic conductivity). Finally, in some
places, the general direction of flow in the river is perpendicu-
lar to the hydraulic gradient of groundwater such that ground-
water enters on one side of the river and river water flows into
groundwater on the opposite side (Woessner, 1998). Therefore,
because of variation in the interactions between surface water
and groundwater along a river and its subsurface, water sav-
ings in response to vegetation removal and subsequent changes
in evapotranspiration may vary. Water savings as used here
refers to the change in storage of water in the subsurface or in
ariver.

To create groundwater or surface-water savings that can
be captured for human use, the removal and replacement of
vegetation must result in a reduction in transpiration that is
greater than any increase in direct evaporation from the ground
surface or in transpiration by replacement vegetation. The
conceptual model of the water budget for any segment of a
river and its flood plain also needs to be examined in relation
to variability in climate, weather, and associated hydrologic
conditions, as well as the age of the vegetation. Wetter or drier
conditions can result in varying rates of evapotranspiration
among areas containing different plants (Scott, Goodrich, and
others, 2006). Similar variation in rates of evapotranspiration
as a result of wetter or drier conditions also has been observed
in containers planted with saltcedar placed in the open (van
Hylckama, 1974). Also, older plants commonly transpire less
than younger plants (Tomanek and Zicgler, 1962; Bureau of
Reclamation, 1973; Schaeffer and others, 2000).

In summary, to generate water savings through con-
trol or removal of nonnative vegetation, the replacement
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Figure 4. Diagrams of groundwater movement in relation to
streamflow (from Alley and others, 1999).

vegetation or ground cover must use less water than the
nonnative vegetation, and the amount of water saved must be
measurable as a change in subsurface storage or increased
streamflow. Large-scale water savings experiments in the
Western United States have not realized the expected return

of increased streamflow (Culler and others, 1982; Bureau
of Reclamation, 1968, 1971, 1979; Weeks and others, 1987;
Welder, 1988). The absence of expected returns of increased
streamflow may reflect (1) absence of differences in evapo-
transpiration between native and nonnative plants, (2) dif-
ficulties in measuring small differences in streamflow that lie
within the uncertainty of measurement, or (3) complexities
in interaction between groundwater and river water. Thus, it
is important to distinguish between expected water savings
based on evapotranspiration comparisons and actual water
savings corroborated by increased streamflow or increased
subsurface-water storage.

Methods for Assessing Changes in
the Components of the Riparian Water
Budget Resulting from Vegetation
Management

A variety of techniques are available for measuring
the water budgets of any segment of a river and its flood
plain. Those described here provide the best determinations
of water budget components, based on evaluation of those
techniques in the scientific literature, because they possess
the least measurement uncertainty compared with other
options.

Direct input of precipitation at given locations is
obtained by recording rain gages, such as the weighing
bucket gages used by the National Weather Service. Inter-
polation between gages can be supplemented by Doppler
radar on a 4-km grid (Healy and others, 2007). Infiltration
of water into the subsurface is estimated using devices such
as lysimeters, or by measuring changes in soil moisture
and pressure at different depths. Streamflow measured with
acoustic Doppler velocity meters (Morlock and others, 2002)
is an advance over streamflow measurement techniques
used in the water savings studies conducted 20 years ago.
Water lost by transpiration is determined by ecophysiologi-
cal techniques (for example, sapflow) and evapotranspira-
tion by micrometeorological (eddy covariance and Bowen
ratio) techniques at specitic locations (Scott, Williams,
and others, 2008). Both micrometeorological methods use
towers mounted over the plant canopy to measure moisture
fluxes from the canopy to the atmosphere (reviewed in Glenn
and others, 2007). Eddy covariance towers measure mois-
ture fluxes directly, whereas Bowen ratio towers measure
moisture and temperature gradients at two points above the
canopy to calculate the Bowen ratio, which is used in combi-
nation with the surface energy balance equation to calculate
the fluxes. Interpolation between flux tower-site measure-
ments is accomplished by using maps of vegetation type
and density or calibrated models based on remote-sensing
data (Goodrich and others, 2000; Dahm and others, 2002;
Nagler and others, 2003; Scott, Goodrich, and others, 2006,
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Scott, Cable, and others, 2008). Change in groundwater
levels has been used to estimate plant transpiration water use
(Bowie and Kam, 1968; Butler and others, 2008). Change in
groundwater storage is determined from observation wells
(for example, Leenhouts and others, 2006). Groundwater
gradients relative to adjacent rivers are determined from
measurements of groundwater levels in observation wells and
river-water levels. Sap-flow measurements of transpiration
can be complemented with stable isotope determinations of
water use by plants for transpiration and plant water sources
(groundwater versus vadose zone water) (Snyder and Wil-
liams, 2000; Scott, Goodrich, and others, 2006).
Uncertainties are inherent in all measurements of
water-budget components (Winter, 1981). Some methods,
however, involve less uncertainty than others. In the case
of evapotranspiration measurements, eddy covariance is a
standard against which other metheds, such as the energy-
balance—-Bowen-ratio method, are evaluated (Weeks and
others, 1987; Stannard and Rosenberry, 1991; Verhoff and
Campbell, 2005). Winter (1981) indicated that using the
energy-budget (balance) method to determine evaporation
can yield an annual uncertainty of <10 percent. Measure-
ments of stream discharge velocity using a current meter
are associated with uncertainties of 2—5 percent under the
most ideal conditions (Winter, 1981). For rivers in which the
channel commonly shifts during high-flow events, uncer-
tainties of >10 perceat are likely. Acoustic velocity meters
developed in recent years may provide better measurements
of stream discharge than traditional current meters in low-
flow systems. Uncertainty associated with precipitation
gages is in the 1-5 percent range; larger uncertainty is asso-
ciated with gage installation—with or without windshields
(up to 20 percent)—and interpolation among gages and
time (Winter, 1981). Hydraulic conductivity, an important
characteristic for estimating groundwater flow, can have an
associated uncertainty of 250 percent (Winter, 1981). Uncer-
tainty in the mecasurement of all water budget components
can be so large that uncertainty equals or exceeds the water
savings estimated by the budget. Thus, the ability to detect
water savings is, in part, a function of the methods chosen to
measure water budget components.

Studies of Water Use and the Potential
for Water Savings

Perhaps the prime motivation for saltcedar and Rus-
sian olive removal is the perception that large quantities
of water can be salvaged for human use. Here we review
numerous studies that examine evapotranspiration of salt-
cedar, Russian olive, various native replacement vegetation
types, and bare soil. In addition, we review studies that
examine water savings by measuring changes in ground-
water and surface water following nonnative vegetation
removal.

Evapotranspiration

Saltcedar.—From the 1940s through the carly 1970s,
many studies examined water use by various Southwestern
U.S. riparian plants, including saltcedar, using evapotranspi-
rometers (Gatewood and others, 1950; Burcau of Reclama-
tion, 1973; van Hylckama, 1974). Such evapotranspirometers
were as large as 81 m*® and consisted of “...vegetated soil
tanks designed so that all [water] added to the tank and all
water remaining afier evapotransipration can be measured.”
(van Hylckama, 1974). Estimates of salicedar evapotranspira-
tion from these studies sometimes exceeded 3 m yr'—rates
that are now considered overestimates in light of results from
recent studies using sap flow, Bowen ratio, or eddy covari-
ance approaches (Shafroth and others, 2005; tables 1 and 2).
Evapotranspirometer studies can overestimate evapotranspira-
tion because woody vegetation growing in a cluster exposed
on all sides to the action of the wind can transpire more water
than when such vegetation is growing in large stands (known
as the ‘oasis effect’). The results of these early studies led to
the perception that large quantities of water salvage could be
achieved by removal of large stands of saltcedar.

High-end saltcedar evapotranspiration estimates were
often expressed in anecdotal form; for example, that a single
saltcedar plant can transpire as much as 800 liters of water per
day (Holdenbach, 1987), or that saltcedar on western rivers
uses as much water as all the cities in southern California
combined (DiTomaso, 1998). These statements left the impres-
sion that very large quantities of water could be salvaged by
clearing saltcedar from western rivers, an impression still evi-
dent in engineering evaluations of saltcedar removal (Gorham
and others, 2008). This impression is notable because values
for saltcedur evapotranspiration as low as 0.8 m yr' also were
reported in the early studies (reviewed in DiTomaso, 1998;
Glenn and Nagler, 2005; Shafroth and others, 2005; table 2).

Beginning in the late 1970s (Weeks and others, 1987),
flux tower measurements in large stands of saltcedar provided
water-use information for saltcedar at a scale consistent with
the plant’s occurrence in riparian areas. Since 1998, sap flow
and micrometeorological moisture flux tower measurements
have been made on saltcedar and other riparian species on a
number of river systems, and these have been scaled to entire
river reaches using remote-sensing methods calibrated with
the tower results (table 1). Stand-level estimates of saltcedar
evapotranspiration range from 0.75-1.45 m yr', with a mean
value of about 1 m yr'. These measurements likely repre-
sent the higher limits of salicedar-stand water use because
measurements have been made in dense stands of saltcedar,
whereas actual riparian zones also contain areas of bare soil
and less dense saltcedar stands mixed with other types of
vegetation,

Nagler and others (2008) estimated that the saltcedar on
the lower Colorado River from Lake Mead to the border with
Mexico uses about 1 m yr' of water. Bureau of Reclamation
vegetation maps show that saltcedar monocultures occupy
18,000 ha, and total riparian vegetation occupies 32,000 ha on
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Table 1. Estimates of wide-area saltcedar evapotranspiration {ET) from studies on different river systems and using different
measurement techniques.
Location ET (myr) Method References
Havasu National Wildlife Refuge, R
ColoradolRI;il-er fidhie Beluge 08 Bowen ratio flux towers Westenburg and others (2006)
Middle Rio Grande, New Mexico 0.8-1.2 Eddy covariance flux towers Cleverly and others (2002, 2006)
Dolores River, Utah 0.6-0.7 MODIS EVVT, Dennison and others (2009)
Colorado River delta, Mexico 1.1 MODIS EVI/ T, Nagler and others (2007)
Virgin River, Nevada 0.75-145 Bowen ratio flux tower Devitt and others (1998)
Cibola National Wildlite Refuge,
Colorado River 1.3 Sap flow and MODIS EVV T, Nagler and athers (2009)
Pecos and Rio Grande Rivers, Texas 0.75 Sap flow Fn();no‘()i;l;a in Owens and Moore
Mean 0.95
Table 2. Estimates of evapotranspiration by southwestern riparian vegetation.
. Evapotranspiration
Vegetation or cover type estimate (mAyr) Source
Saltcedar 0.6-3.4 Gatewood and others (1950), van Hylckama
(1974), Culler and others (1982), Gay and
Hartman (1982), Devitt and others (1998),
Cleverly and others (2002), Dahm and others
(2002)
Saltcedar and arroweed 1.37-1.59 Westenburg and others (2006)
Saltcedar and mesquite 1.64 Weslenburg and others (2006)
Cottonwood 1.0-3.3 Gatewood and others (1950), Dahm and others
{2002)
Couonwood-willow 0.484-0.966 Scott and others (2006)
Mesquite 0.4-0.7 Scott and others (2000, 2004)
0.565-0.694 Scott and others (2006)
Salt grass 0.3-1.2 Weeks and others (1987)
Sacaton grass 0.554 Scott and others (2006)
Secpwillow 0.819 Scott and others (2006)
Annual weeds, grasses, and bare soil 0.6-0.7 Weceks and others (1987)
Bare soil 0.307 Weslenburg and others (2006)
Open-water cvaporation 1.156 Scott and others (2006)
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this reach. The annual flow in the river is about 1.8 x 10" m*;
thus, if saltcedar monocultures were removed, then 1 percent
of the river water could be saved. Two percent could be saved
by removing all vegetation. Achieving this water savings
would require keeping the flood plain clear of vegetation after
saltcedar removal, which would be impractical.

Cleverly and others (2006) reported a one-time annual
savings of 0.26 m of water when saltcedar and Russian olive
were removed from the understory of a cottonwood stand,
based on comparisons of evapotranspiration measured by eddy
covariance at removal and reference sites. The undergrowth,
however, quickly grew back, and no savings were recorded the
second year.

Russian olive.—Little information is available concern-
ing water use by Russian olive. Cleverly and others (2006)
measured a decrease in water use when Russian olive was
removed from part of a study area, but saltcedar was removed
concurrently. Thus, a comparison of transpiration or evapo-
transpiration rates by Russian olive with other plant species
commonly found along Western U.S. rivers is not possible at
this time. Further study of Russian olive water use is needed to
place these plants in the context of other vegetation common
10 Western U.S. rivers.

Native Plants.—Studies of native vegetation, such as
cottonwood (Populus fremontii), willow (Salix gooddingii),
mesquite (Prosopis velutina), and various shrubs and her-
baceous plants indicate that water use by these plants is not
uniform (table 2). Cottonwood evapotranspiration can be as
much as reported for saltcedar, up to 3.3 m yr* (Shafroth and
others, 2005). Evapotranspiration of mixtures of cottonwood
and willow, as well as mesquite, is commonly <1 m yr
(Schaeffer and others, 2000; Shafroth and others, 2005; Gazal
and others, 2006; Scott, Goodrich, and others, 2006). Mea-
surements of salt grass (Distichlis spicata) evapotranspiralion
have ranged from as small as 0.3 m yr”' to as large as 1 m yr'
(Shafroth and others, 2005). Rates reported for other grasses
are <1 m yr' (table 2). In comparison, bare soil evaporation
from a study by Westenburg and others (2006) was measured
at 0.3 m yr!, which is less than commonly measured for areas
occupied by plants.

Mixed Vegetation.—Nagler and others (2005) developed
remotely sensed estimates of evapotranspiration for large
stretches of the upper San Pedro, middle Rio Grande, and
lower Colorado Rivers. Salicedar is a minor species on the
upper San Pedro River, where Prosopis velutina (mesquite).
Populus fremontii (cotionwood), and Sporobolus wrightii
(giant Sacaton grass) predominate. Saltcedar and cottonwood
(P. fremontii) are co-dominants on the middle Rio Grande,
whereas saltcedar is by far the dominant species on the lower
Colorado River. Hence, the rivers presented a gradient with
respect 1o salicedar prevalence. Despite differences in saltce-
dar dominance, all three rivers had modest evapotranspiration
rates, ranging from 0.8-0.9 m yr'. Saltcedar, however, may
expand the lateral extent of groundwater-using vegetation by
being able to access groundwater farther away from the flood
plain. In such cases, removing saltcedar and replacing it with

native ground cover that is less able to access deeper ground-
water might reduce water loss from groundwater resulting in
water savings. However, a comparison of vegetation extent in
selected areas on the lower Colorado River between 1938 and
2005-2007 indicated that the extent of native vegetation in
1938 and vegetation including saltcedar in 2005-2007 were
similar (Nagler and others, 2009).

Bare soil.—Removal of vegetation can result in a rise in
the water table, and consequently more bare-soil evaporation,
as well as potentially greater access to groundwater by shal-
lower rooted native riparian species than when the saltcedar
was present. Depending on soil type and depth to water,
increased bare-soil evaporation can consume up to two-thirds
of the potential water savings achieved by removing saltce-
dar (Hu and others, 2006). Eventually, bare soil is typically
occupied by some replacement vegetation unless vegeta-
tion regrowth is repeatedly removed or controlled, which is
impractical in the majority of cases.

Groundwater Consumption

A prime motivation for saltcedar control is to conserve
groundwater that would otherwise be discharged to the atmo-
sphere through saltcedar transpiration. Saltcedar is usually
described as a facultative phreatophyte, meaning it can use
both vadose zone moisture and groundwater 1o support transpi-
ration (Glenn and Nagler, 2005). Salicedar responds to annual
tluctuations in depth to groundwater (the water table), showing
that it does use groundwater (Horton and others, 2001), but
isotope studies show it can also use shallow vadose zone water
for transpiration (Busch and others, 1992). Moisture in the
shallow part of the vadose zone is usually derived from rain-
fall, whereas in riparian corridors, the groundwater source may
be from recharged surface flow in the river or from other, more
distant sources (for example, mountain front recharge). There
has been considerable interest in determining the sources of
water that saltcedar uses in Western U.S. riparian zones to
help determine how much water could be salvaged. Water
salvage would most easily be accomplished by conserving
groundwater that would otherwise be used by saltcedar. On the
other hand, rainfall use by saltcedar would be more difficult to
salvage because, with salicedar removed, most rainfall would
cither evaporaie or be consumed by replacement vegetation.

Several studies have attempted to directly estimate salt-
cedar groundwater consumption (ET,,,). Salicedar and other
phreatophytes induce diumal fluctuations in groundwater
levels, and White (1932) proposed a simple model for estimat-
ing ET,, from the magnitude of these fluctuations. However,
more recent studies have shown that groundwater fluctuations
are influenced by soil type and other factors that complicate
the quantitative relation between water levels in observation
wells and ET,, (see for example, Loheide and others, 2005;
Butler and others, 2007). Loheide (2008) recently devel-
oped a more refined model that uses day-night differences in
groundwater levels to calibrate fluxes, but this has not yet been
applied 1o saltcedar.



Hatler (2008) combined a diurnal groundwater fluctua-
tion model with sap flow measurements to estimate ET_,, by
saltcedar on the Pecos River. He estimated that stand-level
water losses by salicedar were 0.42 m yr' to 1.18 m yr!, of
which 31-63 percent could be salvaged through saltcedar
clearing, with salvage yields declining over a 4-year period
due to regrowth of saltcedar and recruitment of other species.
His ET,;,, estimates were within the range of total ET esti-
mates for saltcedar in other studies. So far, however, it remains
to be demonstrated that conserved groundwater results in
increased surface flows or enhanced groundwater availability
to water users on the Pecos River (Hatler, 2008).

Streamflow Changes and Water Budgets

The water-use estimates discussed above provide one
means of assessing the potential for water savings associ-
ated with saltcedar and Russian olive control efforts. Ancther
approach is to make detailed measurements of water budgets
before and after vegetation removal, though published
examples are rare. In a study on the Gila River, evapotranspi-
ration was not directly measured but was instead calculated
as the difference between measurements of change in surface-
water storage, inflow and outflow, precipitation, change in
soil moisture, and groundwater inflow and outflow (Culler
and others, 1982). Culler and others (1982) demonstrated that
vegetation removal from large areas changed evapotranspira-
tion rates and changed some. but not all. river reaches from
losing streams (flow decreases because river water flows
into the ground) to gaining streams (flow increases because
groundwater flows into the river). The changes in stream-
flow, however, were not quantitatively related to the changes
in evapotranspiration. Any estimated value calculated as the
difference between known, measured values—as was done
for the Gila River—is affected by the uncertainties associated
with measurements of the components used in the calculation
(Healy and others, 2007). Calculation of evapotranspiration
by difference provides a useful beginning for making
comparisons of pre- and post-removal conditions. The ideal
case of making a comprehensive accounting of all parts of
a water budget for a river reach associated with vegetation
removal—using simultaneous, independent measurements of
evapotranspiration—is a considerable undertaking.

On the Pecos River, estimates of water savings obtained
by comparing streamflow at upstream and downstream gages
over many years (Welder, 1988) were complemented by a
focuscd study of cvapotranspiration in various stands of sali-
cedar and replacement vegetation (Weeks and others, 1987).
Comparisons of stream-gage data did not detect water savings
(Welder, 1988), whereas measurement of evapotranspiration
indicated an expected water savings of approximately 0.5
+0.15 m yr'! (Weeks and others, 1987). The absence of
detection of the expected water savings in the river could be a
function of the limits of measurement of streamflow or the fact
that water savings occur as a change in groundwater storage
rather than an increase in streamflow (Shafroth and others,
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2005). Other studies examining streamflow changes related to
vegetation removal found small differences between control
sites and sites where vegetation was removed (Bowie and
Kam, 1968).

A more recent study of the Pecos River in Texas reports
a large-scale (1,127 ha) chemical eradication program that
was initiated in 1997, resulting in 85-90 percent mortality of
saltcedar plants. As of 2003, however, no increase in river flow
could be documented (Hart and others, 2005).

Groundwater storage or streamflow are not the only
hydrologic characteristics that may be affected by vegetation
removal. Removal of saltcedar and Russian olive has other
impacts that also may affect the hydrologic setting and water
availability, such as erosion (Kondolf and Curry, 1986), geo-
morphologic changes, water quality, sedimentation, wildlife
habitat, and invasion by other nonnative plants.

Conclusions, Data Gaps, and Future
Research Needs

Early studies of evapotranspiration by saltcedar (for
example, Gatewood and others, 1950; Bureau of Reclama-
tion, 1973; van Hylckama, 1974) led to the assumption that
removal of saltcedar would result in water savings, primarily as
increased flow in rivers. This expectation of water savings did
not take into account that evapotranspiration rates from a small
cluster of plants can be greater than that from large stands of
plants along riparian areas. Relations between the river and
groundwater gradients were not considered in the conceptual
model of water savings. Because of the hydrogeologic setting,
some sections of a river decrease in flow with distance because
river water flows into groundwater. Also, because of the time
it takes for groundwater to flow into a river, the response of
groundwater to a change in evapotranspiration may not result in
an immediate change in river flow. Uncertainty in the methods
used to measure rainfall, evapotranspiration, change in storage
of water in the ground, and streamflow may be large enough
that detection of water savings is difficult. The current avail-
ability of methods with less uncertainty of measurement than
used in past studies provide the potential to evaluate water sav-
ings potential more effectively than previously possible. Recent
studies of transpiration by various plants indicate similar rates
for native and nonnative plants. Little information, however, is
available about water use by Russian olive.

Studies of water use by riparian vegetation, includ-
ing saltcedar, in rivers unaffected by flow regulation are
rare (Leenhouts and others, 2006). Similarly. studies are
needed on additional regulated rivers to expand our knowl-
edge beyond the detailed studies of the Pecos River and Rio
Grande in New Mexico and Gila and Colorado Rivers in
Arizona. Few studies have focused on Russian olive. Water
savings expectations have largely been viewed as a function
of changing the evaporation/transpiration loss, without suf-
ficient attention to how such changes affect the dynamics of
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water in the subsurface soil layers and the ultimate trans-
mission of any gains (savings) to streamflow. Calculation
of evapotranspiration, either by difference or by measuring
evapotranspiration directly, provides a useful beginning for
making comparisons of anticipated pre- and post-removal
conditions. Changes in other components of the water
budget, however, such as subsurface storage or streamflow,
need to be measured to determine whether the expected post-
removal conditions are achieved.

The challenges to unequivocally demonstrate water sav-
ings through vegetation management are substantial. They
include the following:

1. Scale of treatment. In order to detect water savings
against substantial background variation in precipita-
tion, temperature, and wind—and resulting natural
changes in evapotranspiration, groundwater levels,
and streamflow—a sizeable area of nonnative plants
must be treated.

2. Accuracy of measurement. Along with treatment
at a sufficient scale, detecting water savings requires
the use of the most accurate instruments available to
measure the water budget with the lcast uncertainty,
such as those discussed in this chapter.

3. Completeness of measurement. All key water vari-
ables in the system must be measured or controlled
to ensure that a significant portion of the water
budget is not overlooked. Change in subsurface stor-
age, for example, has not always been measured in
vegetation removal studies.

4,  Controlling for natural variation. Most impor-
tantly, the same measurements made in the treated
area must also be made on an untreated area subject
to the same natural changes in temperature, precipi-
tation, wind, and the like. For example, water use
by mesquite can vary as much as 30 percent from
year to year due to inter-annual changes in climate
(Leenhouts and others, 2006).

5. Duration of measurement. Given the variable
nature of climate in the Western United States, the
outcomes of removing nonnative plants and subse-
quent colonization or planting of replacement veg-
etation need to be examined over a period of many
years to fully understand whether water savings
are realized. Trends in streamflow in the San Pedro
River, Arizona, from 1913 to 2002, suggest that
trends in streamflow and changes in vegetation may
be related; however, such trends may also be influ-
enced by groundwater pumping (Thomas, 2006),
and those trends have yet to be linked to long-term
measurement of water budget components within a
river reach and its flood plain to quantify cause and
effect.

Few vegetation management projects have possessed
the resources and technical capabilities to meet all of these
challenges. Future research and demonstration projects, if they
hope to advance the understanding of the potential for water
savings from control of saltcedar and Russian olive, must be
prepared to meet these requirements.
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