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ABSTRACT-Political and socioeconomic pressures on riparian areas in semiarid regions of the Great Plains
are growing as water resources become more limited. Management along waterways has altered stream ecology and hydrology in ways that encourage the invasion and expansion of native (e,g., Juniperus virginiana)
and non-native (e.g., Tamarix sp. and Elaeagnus angustifolia) woody species. One management tool currently
implemented to restore the hydrology or increase water yields along waterways in semiarid areas is the removal
of vegetation or invasive species. How managers should respond to invasive woody plants to optimize hydrological functions without compromising other riparian ecosystem functions is still debatable. In this manuscript, we
provide an overview of the ecological status and hydrological role of riparian vegetation in the northern Great
Plains, with examples drawn from the region and other semiarid areas. Additionally, we present information
compiled from published studies on water consumption of native and non-native species at both tree and stand
levels, and we evaluate the ecohydrological outcomes from removal of invasive woody vegetation. Lastly, we
consider the economic costs and benefits of woody species removal, and suggest considerations to help managers
make decisions regarding woody species removal.
Key Words: ecohydrology, evapotranspiration, Juniperus, phreatophytes, Populus, riparian forests, Tamarix,
woody species encroachment
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INTRODUCTION

The word "riparian" is derived from the Latin word
"riparious" which means "bank" of a stream, and refers
to the land, flora, and fauna adjacent to or on the bank of
a body of water (Ilhardt et al. 2000). Ilhardt et al. (2000)
defined riparian areas functionally as "three-dimensional
ecotones of interaction that include terrestrial and aquatic
ecosystems, that extend down into the groundwater,
up above the canopy, outward across the floodplain, up
the near-slopes that drain to the water, laterally into the
terrestrial ecosystem, and along the water course at a
variable width." Thus, riparian areas encompass plant
communities that are growing inside as well as outside
the hydrological zones (Naiman and Decamps 1997).
Such communities exert direct and indirect biological,
physical, and chemical influence on, and are influenced
by, an adjacent water body through both above- and
below-ground interactions (Odum 1971). The ecosystem
functions played by riparian areas as species conduit,
barrier, energy source, energy sink, and habitat are well
documented. These services result in terrestrial and
aquatic biodiversity, corridors and habitats for wildlife,
stream-bank stabilization, soil protection, water storage,
groundwater recharge, mediation of seasonal water-level
fluctuations, improved water quality, nutrient cycling,
carbon sequestration, climate regulation, nonpoint pollution control, aesthetic, educational opportunities, as well
as economically important products, biofuels, and water
production (Haycock et al. 1997; Lynch and Tjaden 2000;
Lee et al. 2003; Nunez et al. 2006; Sun et al. 2006; Rahel
and Olden 2008).
In recent decades riparian areas have experienced
changes in vegetative cover as invasive nonriparian
woody species spread at the expense of ecologically
important native riparian species (Cleverly et al. 2006).
These changes reflect factors like natural species migration, altered management practices, damming, fire and
flood control, climate change, and nitrogen depositions
(Tabacchi et al. 2000). Ecological changes resulting from
nonriparian woody species encroachment have substantially affected the hydrological cycle and water yields in
several ecosystems. These ecohydrological changes are
of particular concern in semiarid areas like the Great
Plains (Stromberg et al. 1996; Warren et al. 1996; Heilman et al. 2009), where water for human use is in high
demand, and where managers have been required to
use water budgets as well as quantifying ecosystem responses to various water management scenarios (Dahm
et al. 2002). Competing demands for water resources
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

and the role of riparian evapotranspiration in depleting
watershed-level water budgets are prompting land managers and policy makers to seek better understanding
of the ecological and socioeconomic roles of riparian
systems so that water resource management can be improved. The objectives of this paper are therefore (1) to
provide an overview on the current ecological status and
hydrological role of riparian vegetation in the northern
Great Plains, drawing examples from the region and
other semi-arid areas; (2) to present published studies on
water consumption in native and invasive woody species
in various regions ofthe Great Plains and other semiarid
areas; and (3) to assess the possible ecohydrological
environmental effects and economic cost of the removal
of invasive woody vegetation.
RIPARIAN VEGETATION IN THE NORTHERN
GREAT PLAINS

Woody riparian vegetation in the Great Plains is dominated by the cottonwood species complexes that inhabit
floodplain regions of sizeable rivers and streams, subirrigated valleys, and minor drainages as small groves or
scattered individuals (Barker and Whitman 1988). Cottonwoods are pioneer species that produce short-lived seeds,
which are carried over long distances by wind and require
exposed sediments for seed germination and establishment
(Taylor 2001). As rivers flood and meander, newly exposed
moist substrate becomes available for cottonwood to colonize (Johnson et al. 1976; Friedman et al. 2006). In areas
suitable for their establishment, cottonwoods can outcompete saltcedar simply by growing more quickly (Sher et al.
2000). Mature cottonwood trees depend on groundwater
access to survive and are thus largely restricted to riparian areas supplied with alluvial groundwater originating
from streamflow (Busch et al. 1992). In the northern Great
Plains, cottonwood (Populus deltoides) usually dominates
young stands. Over time, other, more shade-tolerant species such as green ash (Fraxinus pennsylvanica), boxelder
(Acer negundo), American elm (Ulmus americana), hackberry (Celtis occidentalis), and peach-leaf willow (Salix
amygdaloides), and occasionally bur oak (Quercus macrocarpa), catalpa (Catalpa speciosa), and walnut (Juglans
spp.) regenerate beneath the cottonwoods as understory
associates. Islands and stream banks in riparian areas are
known to contain dense thickets of sandbar willow (Salix
exigua) (Barker and Whitman 1988) and black willow (Salix nigra). The latter is often present in moist forest regions
like those found in the southeastern portion of Nebraska
(Rothenberger 1987). Roughleaf dogwood (Corn us
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drummondii) is common in many lowland wooded areas,
and honeylocust (Gleditisia triacanthos), which is adapted
to a variety of environments, is especially tolerant of arid
banks with southern exposures. Eastern redcedar (Juniperus virginiana) and chokecherry (Prunus virginiana)
are widespread throughout the floodplain (Rothenberger
1987).
Cottonwood forest types along riparian areas are
particularly vulnerable to floodplain degradation due
to activities such as damming, livestock production,
clearing land for agriculture, and human settlement and
transportation corridors (Rood et al. 2003). An example
of these changes took place along the Platte River in
Nebraska, where, by 1900, pioneers, homesteaders, and
Native Americans harvested large areas of woody vegetation along these riparian corridors, shifting this ecosystem from a broad region of heavily forested riparian
woodlands to areas of herbaceous vegetative cover and
agricultural fields (Johnson and Boettcher 2000; West and
Ruark 2004).
Human activities have created conflict among stakeholders interested in the different environmental benefits
and have impacted services provided by riparian areas
(Auble et al. 1994). Damming, channelization, irrigation,
and agricultural expansion along these waterways have
aggravated the effects of other human disturbances by
constraining natural water flow, abbreviating flooding
and subsequent scouring, and augmenting water table
variability. For example, damming in the upper Missouri
River in North Dakota led to 77% and 98% reductions
in average annual area eroded and deposited, respectively. Reduced river meandering decreased sediment
loads, resulting in narrower and shallower channels. As
a consequence, riparian forests composition along the
Missouri River changed from being 47% dominated by
young pioneer species of cottonwoods and willows prior
to European settlement, to a forest where pioneer species
accounted for only 6% of the species composition, an
87% drop, in 1979 (Johnson 1992). Intensive agricultural production during the 20th century developed in
the Great Plains with little understanding of its impacts
on natural resources including native grasslands, water,
wildlife, and woodlands (Hughes 1994; Johnson 1997).
Productive soils next to waterways were often cleared
for row crop production, thus reducing buffer zones, and
livestock overgrazing resulted in considerable losses in
forest cover, increased soil erosion, and damage to linked
plant, animal, soil, and water assets.
As human activities have altered river hydrology and
reduced native riparian vegetation, many studies have
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documented increases in non-native woody invasive
species, such as Russian olive (Elaeagnus angustifolia)
and saltcedar (Tamarix chinensis), and native aggressive
woody species, such as eastern redcedar (Carmen and
Brotherson 1982; Barker and Whitman 1988; Johnson
1994, 1997; Glenn et al. 1998; Lesica and Miles 1999;
Friedman et al. 2005, 2006). As invasive species have
spread, ecohydrologic consequences, such as drops in the
water table and reduced water yields, have been observed
in riparian systems (Sala et al. 1996; Huxman et al. 2005;
Pataki et al. 2005; Scott et al. 2006; Wilcox and Thurow
2006). Woody species encroachment and their potential
impacts on water resources in semiarid regions of the
Great Plains are addressed in the following sections.
WOODY SPECIES ENCROACHMENT

Altered hydrological regimes have been shown to
change riparian community composition, structure, and
function, and in many cases, to increase encroachment
of native (nonriparian) aggressive and non-native woody
species (Tabacchi et al. 1996; Graf 2001). In Arizona,
Horton et al. (2001a, 2001b) observed that native riparian
species like western cottonwood (Populus fremontii) and
Goodding's willow (Salix gooddingii) died when they
could no longer access groundwater because river modification and climatic factors reduced water availability and
thus facilitated the expansion of saltcedar into these riparian areas. Similarly, western cottonwood stands were
replaced by saltcedar in the absence of flood disturbance
along the Lower Escalante River in Utah as cottonwood
clones matured, thinned, and died (Irvine and West 1979).
Along the Verde River in Arizona, saltcedar stand density
was greater in reaches where water flow was regulated
compared with reaches where water flow was unregulated; the opposite trend held true for mature (11-40 year)
and old-growth (>40 year) cottonwood stands (Beauchamp and Stromberg 2007). Saltcedar and Russian olive
replaced cottonwood stands as well along the Rio Grande
in New Mexico and along the Marias River in Montana
due to changes in river hydrology (Howe and Knopf 1991;
Lesica and Miles 1999). Vegetation surveyed along the
San Pedro River in Arizona was dominated by T. ramosissima where flow frequencies ranged between 40% and
60%, groundwater depth was between 3.2 m and 3.8 m,
and groundwater depths fluctuated between 0.59 m and
0.75 m (Lite and Stromberg 2003). In contrast, Populus
fremontii dominated sites where flow frequencies ranged
between 73% and 78%, groundwater depth was between
2.4 m and 2.9 m, and groundwater depths fluctuations
© 2011 Center for Great Plains Studies, University of Nebraska-lincoln
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lower than 0.48 m and 0.56 m. Along 20 reaches in four
southwestern states (AZ, NM, UT, and CO), saltcedar is
more abundant in reaches where hydrology has changed
(Mortenson and Weisberg 2010). However, Russian olive
abundance was uncorrelated with hydrologic changes.
Russian olive, saltcedar, and eastern redcedar have
been widely planted throughout the United States since
the 1900s. Both Russian olive and saltcedar produce large
amounts of small seeds capable of germinating under a
wide range of environmental conditions (Sala et al. 1996;
Katz and Shafroth 2003). Eastern redcedar seeds are
eaten and dispersed by birds (Lawson 1990). Friedman et
al. (2005), in a study that examined non-native riparian
tree species in the western United States, reported that
saltcedar and Russian olive have become the third and
fourth most frequently occurring woody riparian species
in the region, with saltcedar dominating low elevation
sites in the southwestern United States and Russian olive
being abundant in the northern Great Plains. Saltcedar
introduced in central Wyoming between 1936 and 1953
spread northward into the Yellowstone and Missouri
rivers in Montana by 1951 and 1967 (Pearce and Smith
2007). The spread of Tamarix in the western United
States is limited by its sensitivity to frost (Friedman et al.
2005), suggesting that its future spread could be impacted
by changes in minimum temperatures. A mid- to late successional species, the native eastern redcedar (McKinley
and Blair 2008) has also invaded as disturbance regimes
and stream hydrology have changed. The expansion of
invasive woody species is predicted to further alter the
ecohydrology of streams with potentially adverse consequences on water budgets.

foliage interception of precipitation affect the hydraulic
conductivity between the terrestrial ecosystem and the
aquatic ecosystem. In this review, we briefly address
the physical and chemical roles of vegetation in riparian
areas, emphasizing how vegetation affects hydrology
through water consumption.
Water Flow and Physical Structure of Vegetation

The physical structure of vegetation has been shown
to obstruct, facilitate, or divert water flow and therefore
impact hydraulic connectivity and other large-scale
water properties (Tabacchi et al. 2000), with vegetation responses and impacts varying between and within
geographic regions and stream types. For example, Guillemette et al. (2005) in a review of 50 watershed basin
studies concluded that the removal of over 50% of basin
vegetation will result in flooding and erosion. On the
other hand, pioneer species that colonize immediately
following disturbance may increase heterogeneity of the
water flow pattern while dense herbaceous cover may
limit surface water infiltration and trap fine sediments
that sustain moisture levels in the upper soil profile during
dry periods. Johnson (1994) reported that flow reductions
due to hydrological alterations along the braided Platte
River in Nebraska initially favored the spread of cottonwood-willow forests. As cottonwood-willow forests
spread, they transformed the river from a wide channel
characterized by scattered patches of woody vegetation
to a narrow, tree-lined channel that further altered water
movement and yields.
Water Quality and Riparian Vegetation

RIPARIAN VEGETATION AND WATER
RESOURCES

Tabacchi et al. (2000) describe how riparian vegetation influences water availability in three ways. First, the
physical structure of riparian vegetation largely determines the fate of sediment and nutrients from adjacent
terrestrial ecosystems carried by runoff by altering
overland flow rates. Second, both sediment retention and
nutrient cycling within the riparian ecosystem control
both the amount of nutrients that can reach the aquatic
ecosystem and the stream water temperature due to shading. Organic debris from riparian vegetation can provide
food and habitat for aquatic species. Thus, riparian ecosystems exert both physical and biological influences over
the water quality of aquatic ecosystems. Third, processes
such as soil evaporation, plant water consumption, and
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

It is well known that riparian vegetation filters and
retains sediment and limits nonpoint source pollution
from agricultural fertilizers and pesticides in cropland
and rangeland areas, thus improving water quality in
streams (Schultz et al. 1994; Schmitt et al. 1999; Dosskey et al. 2002; Richardson et al. 2007). Riparian
vegetation also produces subsurface organic matter that
fuels microbial denitrification and results in nitrogen
losses from plant litter released into the atmosphere
(Schade et al. 2001). However, litter of the invasive
Russian olive or saltcedar contains a higher nitrogen
content compared with that of cottonwood (Tibbets and
Molles 2005). Elevated nitrogen levels in litter increase
nitrification rates and change soil chemistry (Ehrenfeld
2003). Such alterations to the biogeochemical cycle are
thought to limit the capacity of riparian vegetation to
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absorb nutrients from neighboring agricultural land and
to increase leaching, although the relationship between
filtering capacity and leaching needs to be better tested
in natural environments (Dosskey 2002). Ordination
analysis of vegetation composition in rangelands located
within 4 km of Utah Lake in Utah indicates that sites
infested with saltcedar occur on dry saline sites dominated by annual species compared with uninfested sites
(Carman and Brotherson 1982). Other studies indicate
that high floodplain salinity levels can prevent restoration of riparian vegetation such as cottonwood forests in
some river reaches (Shafroth et al. 2008). At the Bosque
del Apache National Wildlife Refuge, species selected
to restore sites after saltcedar removal are based on
salinity levels, and cottonwood is planted when the soil
salinity is low, ranging between 1.0 and 2.0 deciSiemen
m- 1 (Taylor and McDaniel 1998). Increased salt levels
observed along the Colorado River in Mexico, associated with lack of overbank flooding, favors replacement
of native forests with invasive species (Glenn et al.
1998). Thus, changes in soil biochemistry caused by
leaching, vegetation changes, and nutrient cycling could
have long-lasting effects on future riparian vegetation
composition.
Water Consumption by Riparian Vegetation

Evapotranspiration, comprised of both transpiration
(water loss) by plants and evaporation from the surfaces,
is significantly influenced by vegetation structure, function, and composition, with subsequent impacts on the
water balance and yields and on streamflow in riparian
areas (Richardson et al. 2007). On a watershed scale,
changes to vegetative cover can significantly alter the
balance between evapotranspiration and streamflow
(Hornbeck et al. 1993; Huxman et al. 2005). These alterations result from changes in (1) species composition
and therefore transpiration rates (Table 1); (2) vegetation
structure and architecture, thus the ratio of precipitation
intercepted by vegetation and lost to evaporation (e.g., interception losses in temperate regions vary between 12%
and 50% depending on species; Tabacchi et al. 2000); and
(3) soil permeability (Huxman et al. 2005) and the resulting water infiltration due to root and litter characteristics.
For example, the litter of species such as juniper and pine
can trap moisture above the soil while leachates can create a hydrophobic soil layer that blocks water movement
through dry soil (Madsen et al. 2008). Compared with
upland sites, riparian phreatophytes use more water on
an area basis. Although riparian vegetation covered about
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8% of the Middle Rio Grande watershed in 1999 (Dahm
et al. 2002), a water budget indicated that riparian evapotranspiration accounted for roughly 29% (5.3 m 3 S-1 out of
18.5 m3 S-I) of the water lost (Cleverly et al. 2002).
Vegetation water balance depends on soil water
availability, plant water uptake and storage, and evapotranspiration rates. Plants in riparian areas derive their
water from rainfall, rivers and streams, groundwater, or a
combination thereof. For example, in Utah, Dawson and
Ehleringer (1991) reported that as Populus angustifolia
trees mature they shift from using surface stream water to
using deeper water feeding into the stream. Other species,
like the Fremont cottonwood (Populus jremontii), utilize
groundwater and stream water except during periods of
low streamflow when they rely on growing-season rainfall
(Busch et al. 1992; Leffler and Evans 1999). In contrast,
perennial grassland communities and riparian shrubs were
found to generally rely on a combination of current rainfall
and water from the unsaturated soil profile.
As woody species invade and alter species composition, the source and amount of water uptake by plants are
altered, affecting not only the site water balance but also
the water available to native trees. For instance, phreatophyte trees that rely solely on groundwater in the semiarid
areas of the Great Plains are highly susceptible to groundwater fluctuations caused by physical factors such as precipitation or biological factors such as competition from
other species (Scott et al. 2000). Invasive woody species
like saltcedar, Russian olive, and eastern redcedar, which
use multiple water sources including the groundwater
and the unsaturated soil profile, have been shown to have
the capability to reduce the amount of water available for
native species (Busch et al. 1992; Snyder and Williams
2000). The ability of native species in this case to display
plasticity in water uptake becomes essential for survival
as groundwater levels drop. Such plasticity is observed
in western cottonwood, the dominant riparian species in
the semiarid ecosystem along the San Pedro River in Arizona, which primarily uses groundwater as a source but
was found to derive up to 33% of its transpiration water
from precipitation during the rainy season (Snyder and
Williams 2000). An associate of the western cottonwood,
Goodding's willow, does not possess this plasticity and
has been reported to exclusively use groundwater despite
available water in unsaturated soils, thus restricting its
ability to compete for water resources (Snyder and Williams 2000).
The temporal, spatial, and amount of water uptake
by riparian vegetation is dependent on species, ecotype,
and age and is influenced by biotic and abiotic factors.
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

Great Plains Research Vol. 21 No.1, 2011

54

TABLE 1
WATER USE OF MAJOR RIPARIAN TREE SPECIES IN THE GREAT PLAINS AS A FUNCTION
OF PRECIPITATION, LEAF AREA INDEX, DEPTH TO GROUNDWATER (DGW m), VOLUMETRIC
SOIL MOISTURE (%), OR VAPOR PRESSURE DEFICIT (VPD kPA)
Species
Elaeagnus angustifolia
Juniperus ashei

Location
Middle Rio Grande, NM
Uvalde County, TX

Precipitation (mm)

Water nse rates

Method

Reference

1,230 mmyrl
1.90 mm day-I (Mar.-Oct.)
(520 mm season-I)
432 mmyrl
(1.21 mm day-I)
4l4mmyrl
(1.13 mm day-I)
0.85 mm dayl

Eddy covariance
Bowen ratio energy
balance
Water balance

Dahm et al. 2002
Dugas et al. 1998

J deppeanna

Beaver Creek, AZ

676 mm Mar.~Oct.
945 mm total yr
553 mm yrl

J osteosperma

Beaver Creek, AZ

441 mm yrl

J osteosperma

Rush Valley, UT

239 mmyrl

Los Alamos, NM
Juniper leaf area index
(LAI): 0.70
Pine LAI: 3.07

216 mmyr- I

121 mm yrl J osteosperma
(0.33 mm day-I)

J osteosperma / Pinus
monophylla

Los Alamos, NM
Juniper LAI: 1.31
Pine LAI: 0.41

203 mm yrl

193 mm yrl J osteosperma
(0.53 mm dayl)
10 mm yrl P. monophylla

Water balance

Lane and Barnes
1987

J. osteosperma / Pinus
monophylla

Los Alamos, NM
Juniper LAI: 1.92
Pine LAI: 0.76

170 mm yr- 1

125 mm yrl J. osteosperma
(0.34 mm day-I)
45 mm yrl P. monophylla

Water balance

Lane and Barnes
1987

Odessa, NE
2004

844mm yrl

1.0 mm day-I April
(62.3 L day-l tree-I)
0.8 mm dayl May-August
(48.4 L day-I tree-I)
980 mm yrl 2000
(2.70 mm day-I)

3 em Granier sap flow
probes

Landon et al. 2009

Eddy covariance

Dahm et al. 2002

6l-cm-diameter tree
0.26 mm day-I April
(16.5 kg day-I tree- 1 )
3.78 mm dayl May-August
(240.5 kg day-I tree-I)
22.9 em diameter, tree
0.05 mm day-I April
(3.2 kg dayl tree-I)
1.44 mm day-I May-August
(91.6 kg day-I tree-I)
ST66: 24.0 mm mo- I
(0.80 mm day-I)
S7C15: 33.4 mm mo- I
(1.13 mm day-I)
255 mmyrl
(0.70 mm day-I)
(8.2 kg dayl tree-I)
0.5 to 3.8 mmol m-2 S-I, composite diurnal curve
(360mmyrl)
(1.0 mm day-I)
(89 kg day-I tree-I)

Granier sap flow
5 em long probes

Landon et al. 2009

Granier sap flow
2 em long probes

Samuelson et al.
2007

Granier sap flow

Vose et al. 2000

Licor 1600 steady
state porometer

Busch and Smith
1995

1,200 mm yr- I
(3.3 mm day-I)

Time series MODIS
satellite

Nagler et al. 2007

Control site
mDGW

9.3 ± 0.2 mm day-l

Pataki et al. 2005

Saline site
m DGW

4.8 ± 0.1 mm day-I

Granier sap flux
2 cm long probes
17 July~2l September

Bowens ratio

Scott et al. 2000

Granier sap flux, 3 cm
long probes, 4 trees

Bovard et al. 2005

1991~1995

J osteosperma /
Pinus monophylla

J virginiana

One l5.2-cm-diameter
tree

P. deltoides var. wis- Middle Rio Grande, NM,
lizenii
Belen
P deltoides
27 trees/ha with 80
trees/ha
9.0 m average distance
between trees

P deltoides
3-year-old cuttings,
1,333 trees/ha
P deltoides
2,019 trees/ha
l-yr-old seedlings
P fremontii

Flooded site
844mm yrl

US DE Savanna River
site, Aiken, SC

7.4 % soil water
content

Carswell Air Force Base,
TX

2~3.4mDGW

Pfremontii
Lower Colorado River,
3-year-old poles plant- California, Cibola Natioed 4 m apart
nal Wildlife Refuge
P fremontii
Matheson Wetlands
Reserve, Moab, UT
220 mm yrl annual ppt

Eddy covariance
Mar.~Oct. 2001
Water balance

Lane and Barnes
1987

95 mm yr- I P monophylla

Odessa, NE
2004

Bill Williams and Colorado rivers, northwest
Arizona
Monthly measurements,
1989 and 1990

Water balance

Lane and Barnes
1987
Lane and Barnes
1987
Leffler et al. 2002

800 mmyrl
153 day season
130 mm yrl

0.1~2.5

0.7~2.7

P fremontii

San Pedro River

P. grandidentata
Michigan Biological Sta90-year-old trees in
tion, Pellston, MI
mixed forest
July~August 1999
1O:30~13:30

774 mmyrl

247 mm yrl
Soil moisture
< 10%

1,271 mmyrl
(3.5 mm day-I)
0.09 mm hrl
(3.12 kg hr-I tree -I)

Soil moisture
>15%

0.11 mmhrl
(3.57 kg hr- I tree -I)

© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln
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TABLE 1 continued
Location

Precipitation (mm)

Prince Albert National
Park, Saskatchewan,
Canada

450 mm in 1994

P. tremuloides
>80-year-old stand
21 cm dbh
980 trees/ha

Saskatchewan, Canada
123 -day growing season

235 mmyrl
2001
286 mmyrl
2002

Populus tremuloides
70-year-old stand

Saskatchewan, Canada

488 mmyrl

Central Manitoba,
Canada
439 mm mean annual
precipitation

12-year-old,6,800
trees/ha, 1.2 cm dbh

Species
P. tremuloides

70-year-old stand

P. tremuloides,
150-year-old mixed
stand wildfire chronosequence

P. tremuloides, 9.0- I 7.8 Chequamegon Ecosystem
m tall
Atmosphere Study, Park
Comprised 13% total
Falls, WI
basal areal; Abies balsamea understory, 2.95.9 m tall
P. tremuloides

Populus/Salix

Prosopis velutina

P. velutina
P. velutina

P. velutina

P. velutina
Semiarid lands
Tamarix elongata
8-year-old stands
T ramosissima

T ramosissima
Nonflooded site

Central Saskatchewan,
Canada
VPD >1 kPa
>100 W m·2 light

20-year-old, 3,500
trees/ha, 3.5 cm dbh
37-year-old, 4,200
trees/ha, 7.7 cm dbh

Water use rates

Method

Reference

280 mm yr· 1 poplar trees
(0.77 mm day'!)

Eddy flux tower

Black et a!. 2006

441 mmyr· 1
(1.21 mm day·l)
(281 kg day·1 tree .1)
323 mmyr!
(0.88 mm day-I)
(206 kg day·1 tree .1)
120 mm yrl above hazelnut
(0.33 mm day·l)

Eddy flux tower

Amiro et al. 2006

Eddy flux tower
Late May-Oct.

Blanken and Black
2004

70% of surface conductance

Kucera-type sap flow
sensors for trees <4
cm dbh and Granier
sap flow sensors for
trees >4 cm dbh
8mmyrl
Kucera-type sap flow
(0.51 kg day-I tree· l, growing sensors for trees <4
cm dbh and Granier
season)
sap flow sensors for
37 mmyrl
trees >4 cm dbh
(2.6 kg day-! tree' I, growing
season)

Ewers et a!. 2005

8mmyrl
(0.53 kg day·1 tree· l, growing
season)

Parkland site
375 mmyr· l

4.8 mmday-I

Boreal site
462 mmyrl

9.6 mm day·1

Ewers et a!. 2007

Heat pulse sap flow

Hogg and Hurdle
1997

Middle Rio Grande, NM
Upper San Pedro, AZ
Lower Colorado, AZ

1,100-1,300 mm yr· 1
(3.0-3.6 mm day·l)

MODIS and EVI data
calibrated with eddy
covariance

Nagler et a!. 2005b

Bosque del Apache
National Wildlife Refuge,
NM
San Pedro Basin, southeastern Arizona
Upper San Pedro River,
Arizona
P. velutina savanna
Upper San Pedro River,
Arizona
P. velutina savanna

400-1,100 mm yrl
(1.1-3.0 mm day·l)

Scaled P-M for C/W
and Bowen ratio
MODIS and EVI
Eddy covariance

Goodrich et a!.
2000; Nagler et al.
2005b
Nagler et al. 2005

Bowen ratio energy
balance
(May-September)
Eddy covariance
(May-November)

Scott et al. 2000

Eddy covariance,
MODIS

Scott et al. 2006

Heat pulse sap flow

Qu et al. 2007

Floodplain terraces
San Pedro River with
Sporobolus wrightii
Shiyang River basin,
northwest China
Bill Williams and Colorado rivers, northwest
Arizona
Middle Rio Grande, NM
Sevilleta National Wildlife Refuge

T. ramosissima
Flooded site

Middle Rio Grande, NM
Bosque del Apache National Wildlife Refuge

T. ramosissima

Middle Rio Grande, NM
Upper San Pedro, AZ
Lower Colorado, AZ

Tamarix spp.

Chibola National Wildlife
Refuge, AZ

T. ramosissima

Chi bola National Wildlife
Refuge, AZ

247 mmyr· 1
6.4mDGW
234 mmyrl

375 mmyrl
(1.02 mm day'!)
450 mmyrl
(1.23 mm day·l)

253 mmyrl
2001
293 mmyrl
2000
2.6mDGW
343 mmyrl

485 mmyrl
(2.3 mm day·l)
401 mmyr· 1
(1.23 mm day-I)
407 mmyrl
(l.! I mm day'!)

134mmyr!

740 mm yrl
(2.0 mm day·l)
1,220mm yrl
(3.34 mm day'!)

3.4-3.7 m DGW

3.7-4.0m DGW

740 mm yr· 1 1999
(2.0 mm day-I)
760 mm yr· l 2000
(2.1 mm day·l)
1,220 mm yrl 1999
(3.3 mm day·l)
1,100 mm yrl 2000
(3.0 mm day-I)

Scott et a!. 2004

Steady state porometer,
Busch and Smith
composite 1989-1990
1995
diurnal curve
Eddy covariance
Cleverly et a!. 2002;
Dahm et a!. 2002

Eddy covariance

Cleverly et al. 2002;
Dahm et al. 2002

300-1,300 mm yrl
(0.8-3.6 mm day·l)

MODIS and EVI data
calibrated with covariance flux towers

Nagler et a!. 2005b

2.7-3.4 m DGW

1,100 mm yr!
(3.0 mm day-I)

MODIS vegetation
indices

Nagler et a!. 2008

<100mm yrl
2.5-3.3 m DGW

3.7-9.5 mm day·1

Granier sap flow

Nagler et a!. 2009
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Obligate phreatophytes, such as many species from the
Populus genus, generally extend their roots downward
into the water table to support high transpiration rates
and depend on access to groundwater for growth and survival. These species are generally pioneers that maximize
growth and transpiration rates at the expense of drought
and shade tolerance. For example, Fremont cottonwood
(Populus jremontii) transpiration rates were higher in
individuals growing along perennial streams where roots
had access to the permanent water table than in those
growing along intermittent streams (1.0-5.7 vs. 1.3-3.1
mm day!, respectively; Schaeffer et al. 2000; Gazal et al.
2006). Stand age also affects the amount of water consumed (Willms et al. 2006), which usually peaks after a
stand has gone through self-thinning and competition has
removed weaker trees from the stands.
Ewers et al. (2005) examined water use of upland
trembling aspen (Populus tremuloides) along a chronosequence after fire disturbance. Aspen dominated the
overstoryat 12 to 37 years after fire. Over the chronosequence, growing-season canopy transpiration in this
species rose from 8 mm observed in 12- and 20-year-old
stands, to 37 mm in 37-year-old stands. This trend was
explained by the increase in the ratio of sapwood area
supporting a unit of leaf area with height, suggesting that
taller, more dominant trees can support higher transpiration rates than shorter, generally suppressed trees. As the
pioneer Populus trees matured, individual trees declined
in health, growth, and transpiration rates as more shadetolerant species like black spruce (Picea mariana) assumed complete dominance of the stands at age 70.
The ability of the riparian vegetation to resist environmental stresses like drought, the most common limiting
factor in these systems, depends in large part on the species and ecotype. Species such as eastern cottonwood (P.
deltoides) of the Aigeiros section of the Populus genus
are faster growing and less drought-tolerant than species
such as black cottonwood (P. trichocarpa) ofthe Tacamahaca section of Populus (Dickmann 1979). Anatomically,
Aigeiros cottonwood species, including P. jremontii, P.
angustifolia, P. acuminate, and P. deltoides, tend to have
larger earlywood vessels than the Tacamahaca aspen species (e.g., P. tremuloides; Tennessen et al. 2002). While
these larger vessels can support faster transpiration rates,
they are more vulnerable to lose water-conducting capacity under drought due to xylem cavitation that occurs
when air breaks the vertical columns of water, thus reducing the number of xylem elements that carry water up the
stem (Hacke et al. 2006). Resisting xylem cavitation and
maintaining hydraulic conductivity, therefore, become
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln
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crucial for species survival under drought stress in riparian areas. Several of the Aigerus section Populus species
respond to water stress first by xylem cavitation in twigs
and branches, next by early leaf senescence, and then
by branch dieback (Rood et al. 2000). Xylem air-entry
point, the start of cavitation, in black cottonwood was
reported to be at water potentials of -0.71 to -1.32 MPa (a
measure of water status in leaves) in trees from wet sites
and at -1.55 to -1.67 in trees from dry sites (Sparks and
Black 1999). Cochard et al. (2007), in an evaluation of
five interspecific poplar clones, confirmed both soil water
requirements and cavitation thresholds (-1.5 MPa) and
low drought resistance in these species. Recovery from
drought depends on the severity and length of water stress
(Amlin and Rood 2003). If water stress leads to death
of twigs and branches, then cottonwood photosynthesis
and evapotranspiration on a tree- and stand-level basis
will decline, ultimately leading to cottonwood mortality.
Coupled with the fact that cottonwood cannot regenerate
under shade (Farmer and Bonner 1967), increased cottonwood mortality could speed up successional replacement of cottonwood by more drought- and shade-tolerant
species, such as eastern redcedar, Russian olive, and
saltcedar, unless flooding occurs at sufficient frequency
(Johnson 1992; Lytle and Merritt 2004).
Eastern redcedar (Juniperus virginiana), an evergreen
species, has the capability to grow under high (Holthuizjen and Sharik 1985) as well as low levels of irradiance
(maintain positive carbon gain at around 5% of full light;
Lassoie et al. 1983), photosynthesize under a wide range
of temperatures (00-40°C), and tolerate drought conditions (Eggemeyer et al. 2006, 2009; Bihmidine et al.
2010). Although xylem cavitation in eastern redcedar is
reported to begin at water potentials below -4 MPa, the
species is able to maintain 50% xylem conductivity at
-5.8 MPa, and 10% conductivity at water potentials as low
as -9 MPa (Sperry and Tyree 1990; Wilson et al. 2008).
These characteristics, together with its long growing season and ability to extract water from both the saturated
and unsaturated soil profiles, make eastern redcedar a significant competitor and component in many riparian and
upland communities in the Great Plains (Ormsbee et al.
1976; Eggemeyer et al. 2006, 2009; Bihmidine et al. 2010).
Data on tree-level water consumption in eastern redcedar
are few. At a site located by the Platte River near Odessa,
NE, one mature 22.9-cm-diameter eastern redcedar tree
was reported to use an average of 62.3 L day! in April
and 48.4 L day! during a five-month period between May
and August (Landon et al. 2009). Our preliminary data
indicate that water use of eastern redcedar trees ranging
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in size from 4 cm to 28 cm in diameter averaged 5 to 50
L dayl at two sites located along the Republican River,
Nebraska, depending on tree size in late summer.
Saltcedar (Tamarix ramosissima) is the most commonly occurring Tamarix species out of the 8 to 10 species that
have been introduced in North America (Smeins 2003).
Like eastern redcedar, drought-tolerant saltcedar (facultative phreatophyte; Busch et al. 1992; Glenn and Nagler
2005) and Russian olive can significantly alter the water
balance in riparian areas by consuming water from both
the unsaturated and saturated soil profiles (Truman 1996;
Zhao et al. 2007). Researchers have observed Russian olive
displacing native woody species in droughty and shady
environments in the seedling stage (Shafroth et al. 1995).
Saltcedar trees during the record 2006 drought in Kansas
adapted by shifting from using water from the unsaturated
soil profile when water was available to using groundwater
during seasonal drought (Nippert et al. 2010). How well
saltcedars avoid cavitation depends on site conditions and
ecotype. At the Cienga Creek Natural Preserve in Arizona,
where annual precipitation averages 310 mm, cavitation of
xylem water conducting elements of Tamarix ramosissima
did not occur until water potential dropped below -7 to -8
MPa (Pockman and Sperry 2000). In contrast, the same
species growing at sites located adjacent to rivers or in a
seasonal swamp in five states throughout the United States
(Idaho, Washington, Florida, Georgia, and South Carolina)
lost 75% of their xylem or water-conducting capacity at
-0.86 MPa (Pratt and Black 2006). Saltcedar transpiration
rates were also found to reflect site conditions, ranging
from 13.4 mm day 1on relatively dry sites (depth to groundwater [DGW] 2-3 m), to 23.5 mm dayl in wet areas (DGW
0.5-1 m), along the lower Virgin River, Nevada (Sala et al.
1996). Higher transpiration rates in wet areas corresponded
with the ability of saltcedar to (1) extract water from the
various zones in the soil profile; and (2) regulate water use
during the growing season by adjusting leaf production
(Sala et al. 1996; Cleverly et al. 2002; Dahm et al. 2002).
Therefore, control of saltcedar in areas that are flooded or
have a shallow water table has greater potential of increasing water yields than control efforts in drier areas. Saltcedar's tolerance to a number of disturbances such as salinity,
fire, flooding, and herbivory, and its ability to resprout after
topkill, have facilitated its spread throughout the western
United States and have made it difficult to control (Smeins
2003).
Although few studies have examined the ecophysiology of Russian olive (Elaeagnus angustifolia), work
conducted in the Canyon de Chelly National Monument
by Reynolds and Cooper (2010) indicates that its ability
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to survive low light and droughty conditions as a seedling
may enable it to increase its range. In a survey of stands
in the region, Russian olive seedlings were found at light
levels of 1,233 ± 46.3 ).lmol m- 2 s-1 under a mean canopy
cover of55.6% ± 18.4% up to 8 m above the stream channel. In experiments monitoring the growth and survival of
seedlings, about 75% of the Russian olive seedlings were
able to survive under 99% shade when they had access to
a shallow water table and some (10%-35%) were able to
survive when subjected to water stress. In contrast, only
10% ofthe cottonwood (Populusfremontii) seedlings survived under 99% shade when they had access to shallow
water, and none of the tamarisk (Tamarix ramosissima)
seedlings survived under 99% shade. Analysis of oxygen
isotopes indicated that Russian olives less than 15 years
old utilized water from a shallow soil (10-30 cm depth)
compared with trees 15 years or older, which utilized both
shallow and deeper (40-70 cm depth) water. Thus, Russian olive can spread in densely shaded stands, replacing
cottonwood and later successional native species in the
absence of disturbances.
STAND-LEVEL WATER USE

Evapotranspiration accounts for much of the water lost
from riparian zones in semiarid ecosystems, and precise
estimates of riparian evapotranspiration are essential to accurately allocate river water for environmental and human
needs (Nagler et al. 2005a, 2005b). Estimates of evapotranspirationallosses suggest that 20%-50% of water depletion can be attributed to riparian vegetation in semiarid
systems (Dahm et al. 2002). In Nebraska, if a phreatophyte
cover ofl,289 km 2 is assumed (0.64% of the total state land
area), Szilagyi et al. (2005) calculated, using water balance
equations and an automated base flow separation, a mean
groundwater phreatophyte evapotranspiration of 887 mm
yr 1. Estimates increase significantly as woody species density increases and invasive species spread. For example,
evapotranspiration rates were 20% higher in cottonwood
stands with saltcedar and Russian olive understory (1,230
mm yrl), and in saltcedar stands (1,110 to 1,220 mm yrl),
compared to closed canopy cottonwood stands with an
understory of coyote willow (Salix exigua), seep willow
(Baccharis glutinosa), and false indigo bush (Amorphafruticosa) (980 mm yr 1) in New Mexico (Dahm et al. 2002).
Likewise, a study in the Pecos River of New Mexico found
that removing saltcedar and Russian olive from the understory of Populus stands reduced groundwater fluctuations
by 6.7% and 18.1%, respectively (Martinet et al. 2009).
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Within the Populus genus, riparian cottonwood trees
of the warm arid southwestern region of the United
States were found to transpire more water than upland
poplar trees of the cooler northern regions and in Canada.
The reported riparian stand-level transpiration rates
are 0.7-3.4 mm dayl in P. deltoides (New Mexico and
Texas, Aegeros section) and 1.0-9.3 mm dayl in P. fremontii (Arizona and California, Aegeros section) (Table
1). In comparison, in Canadian upland forest sites P.
tremuloides stands transpired 0.3-1.2 mm day·l. When
contrasting stand-level water use of poplar with those
reported for Juniperus sp., Table 1 shows that, generally,
rates reported in the literature were lower for Juniperus
than those for Populus species, ranging from 0.23-1.21
mm dayl in Utah juniper (J. osteosperma, Arizona and
New Mexico) and alligator juniper (J. deppeana, Arizona), to 1.90 mm dayl in ash juniper (J. ashei, Texas;
Table 1). Although, these comparatively low transpiration
rates reflect the Juniperus conservative water use, which
allow for survival in dry areas, the evergreen nature and
longer growing season of Juniperus may offset the relatively low water daily uptake.
ECOHYDROLOGICAL RESPONSES TO WOODY
PLANT REMOVAL

Reducing woody plant cover, particularly within an
entire watershed, has been hypothesized to increase
water yields in riparian ecosystems by reducing transpirational demands. Studies examining this hypothesis
have been conducted by removing trees over an entire
watershed or catchment area rather than within selected
reaches. Gains in water yields, reported in the literature,
have been found to vary greatly. In a review of39 catchments, Hibbert (1967) found that, although the reduction
of forest cover generally increased water yield and the
establishment of forest cover on sparsely vegetated land
decreased water yield, responses to removing woody
vegetation were highly variable and unpredictable. In
another study that examined the average streamflow
water yield rather than the maximum increase in yield,
Sahin and Hall (1996) found that a small (10%) reduction in conifers and deciduous hardwoods significantly
increased annual water yield by an average of 22.5 and
18 mm, respectively, while reduction in scrub vegetation
increased yield by only 5 mm. Variations in water yield
response to thinning and cutting forest vegetation can
be largely explained from differences in the interannual
variability in water input, in vegetation regrowth, between riparian and stream types, and among geographic
© 2011 Center for Great Plains Studies, University of Nebraska-lincoln

and climatic regions (Zhang et al. 2001; Sun et al. 2005;
Adams and Fowler 2006).
As precipitation increases, stream yield responses to
tree harvesting increases until a maximum response is
reached (Zhang et al. 2001; Wilcox et al. 2005). Analysis
of published studies indicate that annual stream-water
yield following tree removal in areas receiving 450 to
600 mm of precipitation showed either no response (i.e., 0
increase), or increased up to 90 mm after watershed-wide
clear-cutting (mostly in areas with higher precipitations),
a variation attributed to regional climatic conditions and
topographic features (Table 2; Sun et al. 2005; Adams
and Fowler 2006). In the southeastern United States, Sun
et al. (2005) modeled potential water yields based on
regional variability in climate and topography and found
that in general, mountainous areas with cool summer
temperatures and high rainfall showed the most increase
in water yields in response to vegetation removal, while
coastal wetland areas with moderate rainfall and high
potential evapotranspiration exhibited the least response.
In studies where clear-cutting was conducted on a portion of the watershed, the increased water yield reflected
the portion ofland where forest cover had been removed.
Bosch and Hewlett (1982) in a review of 94 catchments
found that water yield response following plant removal
depended on reduction levels and type of vegetation. Water yield increases were not detectable following forest
cover reductions ofless than 20% of the catchment (similar
observations were reported by Stednick 1996), while maximum streamflow water yield increased by 400 mm yrl
when coniferous trees were completely removed from the
watershed, compared to an increase of250 and 10 mm yrl
following the complete removal of deciduous hardwood
trees and grasses, respectively, from the watershed.
In general, forest treatments conducted in riparian forests where trees can use groundwater affect stream yields
more than those conducted in upland forests where trees
cannot access groundwater. Nagler et al. (2010) reported
that of the 637,000 km 2 Colorado River basin, the 180 km 2
area covered by saltcedar monocultures (0.03% of the total basin area) growing along the Lower Colorado River
consumes between 0.75 and 1.45 m yr l of water (1 m yrl
average) and accounts for a loss of 1% of all river flow.
Wilcox (2002) reviewed experiments examining water
yields response to removing honey mesquite (Prosopis
glandulosa) and juniper (J. ashei and J. pinchotii) from
nonriparian rangelands in Texas. He concluded that mesquite control in upland regions is unlikely to significantly
increase water yields because (1) the typical herbaceous
regrowth and tree sprouting on sites utilized most of
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TABLE 2
PREDICTED CHANGES IN ANNUAL WATER YIELD AFTER REMOVAL OF CONIFER OR HARDWOOD
TREES IN A WATERSHED AS A FUNCTION OF AVERAGE ANNUAL PRECIPITATION OBSERVED IN THE
GREAT PLAINS BASED ON WATERSHED-LEVEL MODELS
--------------- Change in water yield (mm) --------------Adams and Fowler (2006) regressions on conifer removal
Average annual precipitation (mm)
Bosch and Hewlett (1982) data
New Zealand

Brown et aI. (2005)
Conifers

Hardwoods

300

128

88

100

100

400

151

115

140

130

500

174

143

175

160

600

197

170

200

190

700

220

197

240

220

800

243

225

280

250

900

266

252

340

275

1,000

289

280

360

300

1,200

335

334

400

350

Note: Adapted from Brown et al. (2005) and Adams and Fowler (2006).

the available soil moisture; (2) deep soils isolated the
groundwater from the surface; (3) much of the increased
soil water flows horizontally over the land when soils
become saturated; and (4) flood-producing rainfall events
produced massive runoff. Conversely, Wilcox (2002) suggested juniper control can be used to effectively increase
streamflow.
The majority of paired catchment studies reviewed
above and others listed in the literature (Table 2) are
based on water yield changes within one to five years of
vegetation removal (Brown et al. 2005). Ffolliott et al.
(2003) studied dryland oak transpiration in the southwestern United States and found that mature trees in
unharvested upland stands transpired about 45% of the
annual regional precipitation, leaving 55% of the rain
available for groundwater recharge, streamflow input,
and evaporation. However, mature trees and numerous
stump sprouts in harvested stands transpired 80% of the
annual precipitation, leaving only 20% available for site
water use. These results highlight the impact of harvest
events on the water budget in semiarid regions. Consideration thus should be given to postharvest vegetation
response when managing riparian forests for water use
(Ffolliott et al. 2003). Several studies have demonstrated
that sustained increases in water yield depend not only
on vegetation response but also on site management following initial vegetation removal. Hornbeck et al. (1993)
in a study of the long-term impacts of vegetation change

found that increases in water yield immediately after
tree removal could only be sustained if regrowth was
controlled. Similarly, studies on deforestation conducted
by Ruprecht and Schofield (1989) and Silberstein et al.
(2003) demonstrated increased water yields in cleared
catchments in the first year after treatment, with steady
yield decreases observed thereafter until a new vegetation
equilibrium was established. Brown et al. (2005) generalized that transpiration rates, vegetation age, and soil
storage changes to treated systems required at least five
years for establishing an equilibrium following catchment alteration.
Inconsistencies in models predicting water yields as a
function of vegetation type and cover caused by precipitation variations could be significantly reduced by including climatic variables, such as annual precipitation in the
year of maximum change in annual yield, as explanatory
variables (Brown et al. 2005; Adams and Fowler 2006).
If these results are mapped out according to precipitation
isocline across the Great Plains, potential water savings
from clearing areas entirely covered with deciduous
woody vegetation from the Platte River would range
between 130 mm yr- 1 in the west to 250 mm yr- 1 in the
east, and potential water savings from clearing areas with
a 100% cover of eastern redcedar from the Platte River
would range from 140 mm yr 1 in the west to 280 mm yr 1
in the east (Fig. 1). Wilcox et al. (2006) urge caution when
projecting results from small catchments to larger scales.
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln
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400-140-130
500-175-160

a
I

1200-400-35
1000-360-300
800-280-250
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I

600-200-190
Figure 1. Precipitation isoclines in the Great Plains and adjacent areas. Numbers from left to right: the isoclines of the Great Plains
according to average annual precipitation (mm, modified from Schimel et al. 1990), the predicted increase in water yields after the
complete (100%) removal of conifer trees (mm yr-1), and the predicted increase in water yield after the complete (100%) removal
of deciduous trees (mm yr-1, after Brown et al. 2005).
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

Do Invasive Riparian Woody Plants Affect Hydrology and Ecosystem Processes? • Julie A. Huddle et 01.

Models that estimate the evapotranspiration rates based
on plant functional type (e.g., obligate wetland, shallowrooted riparian, deep-rooted riparian, transitional riparian, and upland) and water table depth can potentially
integrate physiological measurements across larger scales
(Baird and Maddock 2005).
On a landscape scale, occurrence of trees within
grasslands or agricultural systems can reduce evapotranspiration. Shading and mulch from trees reduce
evaporative losses from soil (Stormont et al. 2009). On
farm systems windbreaks, riparian forest buffers and
alley-cropping systems (growing crops between rows of
trees) can be used to reduce evapotranspiration by agricultural systems by reducing evaporative losses caused
by wind (Brandle et al. 2003). An optimum tree density
and distribution likely exists where the reductions in
understory water losses by shade and wind reduction are
greater than water losses from trees. Promotion by land
managers of more efficient water use through improved
management coupled with sound water-trading principles
will help producers achieve economic goals and help society attain ecological interests such as greater water yields
and streamflows (Clayton 2009).
ECONOMIC COSTS AND BENEFITS OF
ECOHYDROLOGICAL MANAGEMENT

Removing woody vegetation from rangelands and
forested areas has been proposed as a way to increase
water yields from land in the western United States (Hibbert 1983; Wilcox and Thurow 2006). Managing riparian
forests to balance social and economic needs and ecosystem capacity poses important challenges to managers and
policy makers. Attaching an economic value to various
services and goods provided by ecosystems can provide
a benchmark principle for managing resources (Pearce
and Smith 2001). For example, the direct role of forests
in regulating water quantity and quality around the world
provides an important argument for sustainable forest
management and protection (Dudley and Stolton 2003).
Whether or not forested riparian areas should be harvested must be assessed using both ecological and economical criteria.
In heavily timbered regions where harvests are
conducted for income, streamside management zones
(SMZs) are commonly written into management plans to
protect riparian ecosystem functions. Trees are harvested
only outside of these SMZs to provide economic benefits.
In a literature review on the effects of timber harvest on
U.S. eastern hardwood streams, LeDoux and Wilkerson
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(2006) found that 45 m wide was enough for streamside

management zones to provide all of the five ecological
functions they assessed (woody debris, shade, sediment
filtering, aquatic communities, riparian bird communities). Streamside management zones that were only 30 m
wide provided 87% of these benefits as coarse woody debris and sediment filtering benefits from riparian forests
declined. They calculated that streamside management
zones cost landowners with yellow-poplar and mixed
hardwood forests in the eastern United States between
$30.54 and $67.02 ha- 1 y1l ($12.36 to $27.12 per acre) depending on the stand type and logging technology used.
The economic return of harvesting stands having about
300 m 3 ha- 1 standing timber averaged $9,200 ± $940
ha- 1 ($3,725 ± $380 per acre) in yellow-poplar stands and
$11,500 ± $1,270 ha- i ($4,650 ± $510 per acre) in mixed
hardwood stands. In contrast to large expanses of eastern
hardwood forests, Great Plains forests largely occur as
linear gallery forests or as planted windbreaks (Barker
and Whitman 1988). Biomass production of linear windbreak forests planted in Great Plains agro-ecosystems
was calculated to be higher in narrow lO m strips than in
wider 30 m strips (Guo et al. 2004).
Riparian forests in the Great Plains are not generally managed for forest production. Here it is largely the
ecological costs and benefits that must be weighed when
considering whether or not to harvest or even plant trees
within SMZs. Costs associated with Great Plains riparian forests include water lost through evapotranspiration,
elevated sedimentation rates of dams and reservoirs,
reduced forage for grazing, and losses in biodiversity (Zavaleta 2000). On the other hand, woody riparian buffers
help stabilize eroding banks, filter dissolved pollutants,
improve stream habitat for fish, provide forest habitat,
provide flood protection, shelter livestock and yield economic products (Dosskey 1998).
Zavaleta (2000) estimated that increases in water
losses, sedimentation rates, and in subsequent flooding
damage caused by tamarisk costs $280-$450 ha- 1 y1i
in the western United States. Costs of removing this invader and restoring native vegetation could be recovered
as soon as 17 years after removal efforts. Ecosystem
adaptation to invading species like tamarisk complicates
removal and restoration planning. Although many bird
species have declined as tamarisk has spread, some species, such as the endangered southwestern willow flycatcher (Empidonax traW extimus), now nest in tamarisk
(Sogge et al. 2008). A threshold response of bird species
to tamarisk at 40%-60% canopy cover appears to exist
(Van Riper et al. 2008). Zavaleta et al. (2001) recommend
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln
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that removal of tamarisk and restoration of native habitat
be done in a stepwise fashion to provide adequate habitat
for woodland animal species like the southwestern willow flycatcher. In areas where woody species are invading grasslands, such as the Niobrara River valley, where
eastern redcedar is invading, woodland bird species are
replacing grassland bird species (Frost and Powell 2010).
Restoring native grasslands following juniper removal
would thus be essential to restoring the native fauna in
these systems.
The cost of increased water yields depends on a number of factors including removal cost, increases in water
yields, and economic direct and indirect returns from
clearing. Differences in size and in increased water yields
following clearing largely explained why water from juniper and mesquite brush removal from Texas rangelands
cost $320 ha- l in the Edwards Plateau and $820 ha- l in the
Twin Buttes watershed (Olenick et al. 2004). Although
removing a low cover of juniper was less expensive than
removing a low cover of mesquite, the reverse held true
when woody cover was high (Table 3). Mechanical treatments were more expensive than chemical treatments.
The cost of tree removal is another crucial management consideration. In general, aerial removal of saltcedar is cheaper than ground methods (Table 3). A study
comparing four control methods conducted between 1989
and 2001 at 20 sites located in seven states in the southwestern United States estimated the efficacy of saltcedar
removal to be 89% ± 13% for helicopter herbicide application; 93% ± 10% for fixed-wing herbicide application;
78% ± 25% for cut-stump and herbicide application; and
88% ± 14% for foliar herbicide application (Sisneros 1994;
U.S. Bureau of Reclamation 2009). Thus, aerial control
methods are cheaper and more effective over large areas
than labor-intensive ground methods. Including herbicide
in control treatments helps ensure the long-term control
of saltcedar (O'Meara et al. 2010). Follow-up control
must be done to ensure restoration of native species in
controlled areas. In the 23 states of the western United
States, where tamarisk has invaded 470,000-650,000 ha
of riparian zones, the total cost for eradicating tamarisk
from riparian zones is estimated as high as $7,400 ha- l
(Zavaleta 2000). Cost of controlling juniper ranges from
$5 ha- l to $508 ha- l depending on method and cover
(Table 3).
In addition to the potentially improved water yield,
wood removed during forest harvesting and thinning
could be marketed and sold in emerging biomass energy
and biofuels markets, as well as traditional forest markets.
However, riparian forests support fundamental ecosystem
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services such as internal nutrient cycling, soil protection,
biodiversity conservation, carbon sequestration, climatic
regulation, and quality water supply. Tree removal, when
not done in an environmentally sound manner, can harm
these ecosystem services. Tabacchi et al. (2000) warn
that large-scale logging and fragmentation of floodplain
forests can lower the ecosystem's buffering capacity to
reduce water input and delay backwater drainage, thus
altering the exchange of surface and ground water. Early
successional species such as cottonwood depend on periodic flooding and scouring events to provide the moist
bare mineral soil needed for regeneration (Smith and Linnartz 1980). Treatments such as thinning can be used to
remove competing vegetation and raise light levels, which
allow cottonwood to establish. Cuttings are often used to
quickly regenerate cottonwood in plantations and on open
sites (Taylor 2001).
However, caution must be used in ecosystems where
tree removal might stimulate the spread of nonindigenous species. Changes in ecosystem structure have been
shown to increase encroachment by nonindigenous species in riparian zones (Planty-Tabacchi et al. 1996). These
native and non-native invaders exhibit greater adaptability to physical disturbance in the form of tree removal,
physical disturbance, and hydrological alterations than
do endemic riparian species (Katz and Shafroth 2003).
McIntyre and Lavorel (1994) report that riparian invaders demonstrate enhanced colonization and reproduction
capabilities in disturbed habitats when compared with
native pioneer species.
Clear-cutting riparian forests can degrade downstream habitat for fish and wildlife species. Channel
narrowing has been documented along the braided Platte
River due to upstream flow modifications following
damming (Johnson 1994), but studies by Johnson (1997)
report that over time these channel areas have stabilized.
On the other hand, vegetation removed along a portion
of the river to increase open channel area for migrating
whooping (Grus americana) and Sandhill cranes (Grus
canadensis) resulted in downstream channel area disequilibria. The vegetation clearing may have liberated
excess sediment, which raised the channel and stimulated tree and shrub recruitment, causing a 10% channel
loss (Johnson 1997). Channel area losses in unmanaged
reaches may offset gains in managed areas, suggesting
that management procedures should be reevaluated before further reaches are cleared (Johnson 1997). Jones
et al. (1999) investigated the impact of riparian forest
removal on downstream fish assemblages in southern
Appalachian streams. The studies concluded that clearing
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TABLE 3
WOODY VEGETATION TYPE AND LOCATION, TREATMENT, AND COST

Woody vegetation type and location
Juniperus, moderate cover (10%-30%)
Juniperus, heavy cover (>30%)

Treatment

Cost (US$/ha)

Reference

Various clearing methods

365

± 87

Olenick et al. (2004)

Various clearing methods

508

±111

Olenick et al. (2004)

Burned

5

Burned and cut

40

Juniperus virginiana open «30-year-old
stand) and dense stands (30-year-old, 5 m Individual trees burned
tall), Custer County, NE
Picloram

Ortmann et al.
(1998)

15
90

Cutting

65

Prosopis, moderate cover (10%-30%)

Various clearing methods

256

± 73

Olenick et al. (2004)

Prosopis, heavy cover (>30%)

Various clearing methods

438

± 228

Olenick et al. (2004)

Tamarix

Helicopter herbicide application

168

Tamarix

Fixed-wing herbicide application

138

Tamarix

Cut-stump and herbicide application

Tamarix

Foliar herbicide application

Tamarix

Cut and sprayed with imazapyr

Tamarix

U.S. Bureau of
Reclamation (2009);
Sisneros (1994)

2,617
849
1,250

± 370

Taylor and McDaniel
(1998)

Aerial spray of imazapyr with and
without glyphosphate; burning

430

± 140

Taylor and McDaniel
(1998)

Tamarix

Individual cut and spray imazapyr

3,952

± 6,175

Taylor and McDaniel
(2004)

Tamarix

Individual herbicide application or
mechanical grubbing

99

± 741

Taylor and McDaniel
(2004)

Tamarix

Large-scale control methods

1,010

± 460

Taylor and McDaniel
(2004)

vegetation over 1-3 km in width or reach was associated
with the decreased abundance of benthic-dependent fish
species, causing sediment-tolerant and often invasive
species to supplant them. However, the study focused on
deforested but still vegetated riparian zones in otherwise
wooded landscapes, so the results may not apply to riparian buffers in other forested areas (Jones et al. 1999).
CONCLUSION

Despite their apparent small percentage of cover on
a regional scale, riparian ecosystems playa major functional role in the hydrologic cycle in the Great Plains.
Water crises and shortages in arid and semiarid areas of
the United States and elsewhere due to climate change,
drought, population growth, agriculture, and new demand for biofuels and other energy systems are driving

researchers and managers to find ways to reallocate water
and increase water yields in streams and rivers. Because
riparian forests use more water than upland forests on
an area basis, approaches to increase water yields could
include the removal of invasive and aggressive woody
vegetation from riparian areas. Realistic projections
of increased water yields following tree removal must
consider many variables, including land use within the
entire watershed, relative water use with each land-use
category, climate, and pre- and post-treatment vegetation. As a first cut, relative areas and water use rates of
different vegetation and land-use types can be used by
managers and policy makers to identify regions where
changes in management can have the most impact on
water yields and streamflows. In the face of escalating
political and socioeconomic pressures, it is critical to
manage riparian habitats in an ecologically sustainable
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln
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manner in order to preserve their integrity, function,
structure, productivity, and species composition. Otherwise, short-term gains in water yields after removing
woody vegetation could be offset by long-term losses in
ecosystem services, including water yields, as aggressive,
more water-consumptive species spread in untreated and
cleared areas. Targeted efforts to control woody plants in
water-rich riparian zones can help minimize water lost
by invasive facultative phreatophytes, such as saltcedar,
Russian olive, and eastern redcedar, potentially increasing water yields. However, our review has shown that
such increases are unpredictable in semiarid regions; they
vary within geographic regions and stream types, and are
most often temporary, with benefits leveling off after a
few years unless continuous control of woody and weedy
vegetation is adopted on these sites. More research on the
ecologic, hydrologic, and economic consequences of the
spread and management of invasive species in riparian
areas is needed in the northern Great Plains. Quantifying these responses to invasive species is needed to plan
effective large-scale invasive species control programs
where efficient and sustainable use of water resources is
a management priority.
REFERENCES

Adams, K.N., and A Fowler. 2006. Improving empirical
relationships for predicting the effect of vegetation
change on annual water yield. Journal ofHydrology
321:90-115.
Amiro, B.D., A.G. Barr, TA. Black, H. Iwashita, N. Kljun,
J.H. McCaughey, K. Morgenstern, S. Murayama, Z.
Nesic, AL. Orchansky, and N. Saigusa. 2006. Carbon and water fluxes at mature and disturbed forest
sites, Saskatchewan, Canada. Agricultural and
Forestry Meteorology 136:237-51.
Amlin, N.M., and S.B. Rood. 2003. Decline and recovery
of riparian cottonwoods following water table alteration along Willow Creek, AB. Trees 17:351-58.
Auble, G.T., J.M. Friedman, and M.L. Scott. 1994. Relating riparian vegetation to present and future streamflows. Ecological Applications 4:544-54.
Baird, K.J., and T Maddock III. 2005. Simulating riparian evapotranspiration: A new methodology and
application for groundwater models. Journal of
Hydrology 312:176-90.
Barker, W.T, and W.C. Whitman. 1988. Vegetation ofthe
northern Great Plains. Rangelands 10:266-72.
Beauchamp, Y.B., and J.C. Stromberg. 2007. Flow regulation of the Verde River, Arizona, encourages Tama© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

rix recruitment but has minimal effect on Populus
and Salix stand density. Wetlands 27:381-89.
Bihmidine, S., N.M. Bryan, K.R. Payne, M.R. Parde, J.A
Okalebo, S.E. Cooperstein, and T. Awada. 2010.
Photosynthetic performance of invasive Pinus ponderosa and Juniperus virginiana seedlings under gradual
soil water depletion. Plant Biology. 12:668-675.
Black, T.A, G. den Hartog, H.H. Neumann, P.D. Blanken, P.c. Yang, C. Russell, Z. Nesic, X. Lee, S.G.
Chen, R. Staebler, and M.D. Novak. 2006. Annual
cycles of water vapor and carbon dioxide fluxes in
and above a boreal aspen forest. Global Change
Biology 2:219-29.
Blanken, P.D., and T.A Black. 2004. The canopy conductance of a boreal aspen forest, Prince Albert
National Park, Canada. Hydrological Processes
18:1561-78.
Bosch, J.M., and J.D. Hewlett. 1982. A review of catchment experiments to determine the effect ofvegetation changes on water yield and evapotranspiration.
Journal ofHydrology 55:3-23.
Bovard, B.D., P.S. Curtis, C.S. Vogel, H.B. Suand, and
H.P. Schmid. 2005. Environmental controls on sap
flow in a northern hardwood forest. Tree Physiology
25:31-38.
Brandle, J., X. Zhou, and L. Hodges. 2003. Agroforestry
for enhancing water use efficiency. In Encyclopedia
of Water Science, 19-21. Marcel Dekker Inc., New
York.
Brown, AE., L. Zhang, T.A. McMahon, AW. Western,
and R.A. Vertessy. 2005. A review of paired catchment studies for determining changes in water yield
resulting from alterations in vegetation. Journal of
Hydrology 310:28-61.
Busch, D.E., N.L. Ingraham, and S.D. Smith. 1992. Water uptake in woody riparian phreatophytes of the
southwestern United States: A stable isotope study.
Ecological Applications 2:450-59.
Busch, D.E., and S.D. Smith 1995. Mechanisms associated with decline of woody species in riparian
ecosystems of the southwestern U.S. Ecological
Monographs 65:347-70.
Carman, J.G., and J.D. Brotherson. 1982. Comparison
of sites infested and not infested with saltcedar
(Tamarix pentandra) and Russian olive (Elaeagnus
angustifolia). Weed Science 30:360-64.
Clayton, J.A 2009. Market-driven solutions to economic,
environmental, and social issues related to water
management in the western U.S.A. Water 1:19-31,
doi:10.3390/w1010019.

Do Invasive Riparian Woody Plants Affect Hydrology and Ecosystem Processes? • Julie A. Huddle et 01.

Cleverly, J.R., C.N. Dahm, J.R. Thibault, DJ. Gilroy, and
J.E. Allred Coonrod. 2002. Seasonal estimates of
actual evapotranspiration from Tamarix ramosissima stands using 3-dimensional eddy covariance.
Journal ofArid Environments 52:181-97.
Cleverly, J.R., C.N. Dahm, J.R. Thibault, D.E. McDonnell, and J.E.A. Coonrod. 2006. Riparian ecohydrology: Regulation of water flux from the ground
to the atmosphere in the Middle Rio Grande, New
Mexico. Hydrological Processes 20:3207-25.
Cochard, H., E. Casella, and M. Mencuccini. 2007. Xylem
vulnerability to cavitation varies among poplar and
willow clones and correlates with yield. Tree Physiology 27:1761-67.
Dahm, C.N., J.R. Cleverly, J.E. Allred Coonrod, J.R.
Thibault, D.E. McDonnell, and D.J. Gilroy. 2002.
Evapotranspiration at the land/water interface in
a semi-arid drainage basin. Freshwater Biology
47:831-43.
Dawson, TE., and J.R. Ehleringer. 1991. Streamside trees
that do not use stream water. Nature 350:335-37.
Dickmann, D.l. 1979. Physiological determinant of poplar
growth under intensive culture. In Poplar Research,
Management and Utilization in Canada, Report 12,
ed. D.C.F. Fayle, L. Zsuffa and H.W. Anderson. Ontario Min. Nat. Res. For. Res. Inf. Pap. 102.
Dosskey, M.G. 1998. Viewpoint: Applying riparian buffers to Great Plains rangelands. Journal of Range
Management 51:428-31.
Dosskey, M.G. 2002. Setting priorities for research on
pollution reduction functions of agricultural buffers. Environmental Management 30:641-50.
Dosskey, M.G., M.J. Helmers, D.E. Eisenhauer, TG.
Franti, and K.D. Hoagland. 2002. Assessment of
concentrated flow through riparian buffers. Journal
of Soil and Water Conservation 57:336-43.
Dudley, N., and S. Solton. 2003. Running pure: The importance offorest protected areas to drinking water.
In Alliance for Forest Conservation and Sustainable Use, 112. World Bank/World Wildlife Fund,
United Kingdom.
Dugas, W.A., R.A. Hicks, and P. Wroght. 1998. Effect of
removal of Juniperus ashei on evapotranspiration
and runoff in the Seco Creek watershed. Water Resources Research 34:1499-1506.
Eggemeyer, K.D., T Awada, D.A. Wedin, P.E. Harvey,
and X. Zhou. 2006. Ecophysiology of two native
invasive woody species and two dormant warmseason grasses in the semiarid grasslands of the

65

Nebraska Sandhills. International Journal of Plant
Science 167:991-99.
Eggemeyer, K.D., T Awada, F.E. Harvey, D. Wedin, X.
Zhou, and R. Zanner. 2009. Seasonal changes in
depth of water uptake for encroaching trees Juniperus virginiana and Pinus ponderosa and two
dominant C4 grasses in a semi-arid grassland. Tree
Physiology 29: 157-69.
Ehrenfeld, J.G. 2003. Effects of exotic plant invasions
on soil nutrient cycling processes. Ecosystems
6:503-23.
Ewers, B.E., S.T. Gower, B. Bond-Lamberty, and C.K.
Wang. 2005. Effects of stand age and tree species on
canopy transpiration and average stomatal conductance of boreal forests. Plant Cell and Environment
28:660-78.
Ewers, B.E., D.S. MacKay, and S. Samanta. 2007. Interannual consistency in canopy stomatal conductance
control ofleafwater potential across seven tree species. Tree Physiology 27:11-24.
Farmer, R.E. Jr., and P.T Bonner. 1967. Germination and
initial growth of eastern cottonwood as influenced
by moisture stress, temperature, and storage. Botanical Gazette 128:211-15.
Ffolliott, P.P., G.J. Gottfried, Y. Cohen, and G. Schiller.
2003. Transpiration by dryland oaks: Studies in the
south-western United States and Northern Israel.
Journal ofArid Environments 55:595-605.
Friedman, J.M., G.T. Auble, E.D. Andrews, G. Kittel, R.P.
Madole, E.R. Griffin, and TM. Allred. 2006. Transverse and longitudinal variation in woody riparian
vegetation along a montane river. Western North
American Naturalist 66:78-91.
Friedman, J.M., G.T. Auble, P.B. Shafroth, M.L. Scott,
Merigliano, M.P., M.D. Freehling, and E.R. Griffin.
2005. Dominance of non-native riparian trees in
western USA. Biological Invasions 7:747-51.
Frost, J.S., and L.A. Powell. in press. Cedar infestation impacts avian communities along the Niobrara River Valley, Nebraska. Restoration Ecology,
doi:lO.l 11 lIj.l526-100X.2009.00618.x
Gazal, R., R.L. Scott., D.C. Goodrich, and D.G. Williams.
2006. Controls on transpiration in a desert riparian
cottonwood forest. Agricultural and Forest Meteorology 137:56-67.
Glenn, E.P., and P.L. Nagler. 2005. Comparative ecophysiology of Tamarix ramosissima and native trees in
western U.S. riparian zones. Journal of Arid Environments 61:419-46.

© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

66
Glenn, E., R. Tanner, S. Mendez, T Kehret, D. Moore,
J. Garcia, and C. Valdes. 1998. Growth rates, salt
tolerance and water use characteristics of native
and invasive riparian plants from the delta of the
Colorado River, Mexico. Journal of Arid Environments 40:281-94.
Goodrich, D.C., R. Scott, I Qi, B. Goff, e.L. Unkrich,
M.S. Moran, D. Williams, S. Schaeffer, K. Snyder,
R. MacNish, T Maddock, D. Pool, A. Chehbouni,
D.l. Cooper, w.E. Eichinger, W.l Shuttleworth, Y.
Kerr, R. Marsett, and W. Ni. 2000. Seasonal estimates of riparian evapotranspiration using remote
and in situ measurements. Agricultural and Forest
Meteorology 105:281-309.
Graf, W.L. 2001. Damage control: Restoring the physical
integrity of America's rivers. Annals ofthe Association ofAmerican Geographer 91:1-27.
Guillemette, F, A.P. Plamondon, M. Prevost, and D.
Levesque. 2005. Rainfall generated storm flow
response to clearcutting a boreal forest; peak flow
comparison with 50 world-wide basin studies. Journal ofHydrology 302:l37-53.
Guo, Q., I Brandle, M. Schoeneberger, and D. Buettner.
2004. Simulating the dynamics of linear forests
in Great Plains agroecosystems under changing
climates. Canadian Journal of Forestry Research
34:2564-72.
Hacke, u.G., IS. Sperry, IK. Wheeler, and L. Castro.
2006. Scaling of angiosperm xylem structure with
safety and efficiency. Tree Physiology 26:689-701.
Haycock, N.E., TP. Burt, KW.T Goulding, and G. Pinay.
1997. Buffer Zones: Their Processes and Potential
in Water Protection. Quest Environmental, Harpenden, UK.
Heilman, IL., K.I McInnes, IF Kjelgaard, M. Keith
Owens, and S. Schwinning. 2009. Energy balance
and water use in a subtropical karst woodland on
the Edwards Plateau, Texas. Journal of Hydrology
373:426-35.
Hibbert, A.R. 1967. Forest treatment effects on water
yield. In International Symposium for Forest Hydrology, ed. W.E. Sopper and HW. Lull. Pergamon
Press, Oxford, UK.
Hibbert, A.R. 1983. Water yield improvement potential
by vegetation management on western rangelands.
Water Resources Bulletin 19:375-81.
Hogg, E.H., and P.A. Hurdle. 1997. Sap flow in trembling
aspen: Implications for stomatal responses to vapor
pressure deficit. Tree Physiology 17:501-9.

© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

Great Plains Research Vol. 21 No.1, 2011

Holthuizjen, A.M.A., and T.L. Sharik. 1985. Colonization
of abandoned pastures by eastern red cedar (Juniperus virginiana L.). Canadian Journal of Forest
Research 15:1065-68.
Hornbeck, IW., M.B. Adams, E.S. Corbett, E.S. Verry,
and IA. Lynch. 1993. Long-term impacts of forest
treatments on water yield: A summary for northeastern USA. Journal ofHydrology 150:323-44.
Horton, IL., TE. Kolb, and S.e. Hart. 200la. Physiological response to groundwater depth varies among
species and with river flow regulation. Ecological
Applications 11: 1046-59.
Horton, IL., TE. Kolb, and S.C. Hart. 2001b. Responses
of riparian trees to interannual variation in ground
water depth in a semi-arid river basin. Plant, Cell
and Environment 24:293-304.
Howe, W.H., and F.L. Knopf. 1991. On the imminent
decline of Rio Grande cottonwoods in central New
Mexico USA. Southwestern Naturalist 36:218-24.
Hughes, FM.R. 1994. Environmental change, disturbance
and regeneration in semi-arid floodplain forests. In
Environmental Change in Drylands: Biogeographical and Geomorphological Perspectives and Management ofRiparian Habitat: A Symposium, USDA
Forest Service General Tech. Rpt. RM-43, ed. A.C.
Millington and K. Pye, 321-45. Rocky Mountain
Forest and Range Experiment Station, Fort Collins,
CO. John Wiley and Sons, Chichester, UK.
Huxman, T.E., B.P. Wilcox, D.D. Breshears, R.L. Scott,
K.A. Snyder, E.E. Small, K. Hultine, W.T Pockman, and R.B. Jackson. 2005. Ecohydrological
implications of woody plant encroachment. Ecology
86:308-19.
Ilhardt, B.L., E.S. Verry, and B.I Palik. 2000. Defining
riparian areas. In Riparian Management in Forests
of the Continental Eastern United States, ed. E.S.
Verry, IW. Hornbeck, and C.A. Dolloff, 23-42.
Lewis Publishers, Boca Raton, FL.
Irvine, IR., and N.E. West. 1979. Riparian tree species
distribution along the Lower Escalante River, Utah.
Southwestern Naturalist 24:331-46.
Johnson, W.e. 1992. Dams and riparian forests: Case
study from the upper Missouri River. Rivers
3:229-42.
Johnson, W.C. 1994. Woodland expansion in the Platte
River, Nebraska: Pattern and causes. Ecological
Monographs 64:45-84.
Johnson, w.e. 1997. Equilibrium response of riparian
vegetation to flow regulation in the Platte River,

Do Invasive Riparian Woody Plants Affect Hydrology and Ecosystem Processes? • Julie A. Huddle et 01.

Nebraska. Regulated Rivers: Research and Management 13:403-15.
Johnson, W.e., and S.E. Boettcher. 2000. The presettlement Platte: Wooded or Prairie River? Great Plains
Research 10:39-68.
Johnson, W.C., R.L. Burgess, and W.R. Keammerer.
1976. Forest overstory vegetation and environment
on the Missouri River floodplain in North Dakota.
Ecological Monographs 46:59-84.
Jones, E.B.D., G.S. Helfman, 10. Harper, and P.v. Bolstad. 1999. Effects of riparian forest removal on
fish assemblages in Southern Appalachian streams.
Conservation Biology 13:1454-65.
Katz, G.L., and P.B. Shafroth. 2003. Biology, ecology and
management of Elaeagnus angustifolia L. (Russian olive) in western North America. Wetlands
23:763-77.
Landon, M.K., D.L. Rus, B.I Dietsch, M.R. Johnson, and
K.D. Eggemeyer. 2009. Evapotranspiration rates of
riparian forests, Platte River, Nebraska, 2002-2006.
U.S. Geological Survey Scientific Investigations
Report 2008-5228.
Lane, L.I, and F.I Barnes. 1987. Water balance calculations in southwestern woodlands. In Proceedings of
the Pinyon-Juniper Conference, Reno, NV, January
13-16,1986, ed. R.L. Everett, 480-88. USDA Forest
Service Intermountain Research Station General
Technical Report INT-215.
Lassoie, J.P., P.M. Dougherty, P.B. Reich, T.M. Hinckley,
e.M. Metcalf, and S.l Dina. 1983. Ecophysiological investigations of understory eastern red cedar
(Juniperus virginiana) in central Missouri (USA).
Ecology 64:1355-66.
Lawson, E.R. 1990. Juniperus virginiana L. eastern redcedar. In Silvics ofNorth America, vol. I: Conifers,
tech. coord. R.M. Burns and B.H. Honkala, USDA
Forest Service, Washington, DC, Agricultural
Handbook 654:131-40.
LeDoux, C.B., and E. Wilkerson. 2006. A case study assessing opportunity costs and ecological benefits
of streamside management zones and logging systems for eastern hardwood forests, research paper
NRS-1. U.S. Department of Agriculture, Forest
Service, Northern Research Station, Newtown
Square, PA.
Lee, K.H., T.M. Isenhart, and R.C. Schultz. 2003. Sediment and nutrient removal in an established multispecies riparian buffer. Journal of Soil and Water
Conservation 58:1-8.

67

Leffler, A.I, and A.S. Evans. 1999. Variation in carbon
isotope composition among years in the riparian
tree Populusfremontii. Oecologia 119:311-19.
Leffler, A.J, R.I Ryel, L. Hipps, S. Ivans, and M.M.
Caldwell. 2002. Carbon acquisition and water use
in a northern Utah Juniperus osteosperma (Utah
juniper) population. Tree Physiology 22:1221-30.
Lesica, P., and S. Miles. 1999. Russian olive invasion into
cottonwood forests along a regulated river in northcentral Montana. Canadian Journal of Botany
77:1077-83.
Lite, S.l, and IC. Stromberg. 2003. Groundwater and
surface thresholds for maintaining Populus-Salix
forests, San Pedro River, southern Arizona. In Proceedings of the Saltcedar and Water Resources in
the West Symposium, July 16-17, 2003, San Angelo,
Texas, ed. C. Hart, 16-27. Texas Cooperative Extension, College Station.
Lynch, L., and B. Tjaden. 2000. When a landowner
adopts a riparian buffer-benefits and costs. Maryland Cooperative Extension FS774.
Lytle, D.A., and D.M. Merritt. 2004. Hydrologic regimes
and riparian forests: A structured population model
for cottonwood. Ecology 85:2493-2503.
Madsen, M.D., D.G. Chandler, and I Belnap. 2008.
Spatial gradients in ecohydrologic properties
within a pinyon-juniper ecosystem. Ecohydrology
1:349-60.
Martinet, M.C., E.R. Vivoni, IR. Cleverly, IR. Thibault,
IF. Schuetz, and C.N. Dahm. 2009. On groundwater
fluctuations, evapotranspiration, and understory
removal in riparian corridors, Water Resources
Research 45:W05425.
McIntyre, S., and S. Lavorel. 1994. Predicting richness of
native, rare, and exotic plants in response to habitat
and disturbance variables across a variegated landscape. Conservation Biology 8:521-31.
McKinley, D.C., and IM. Blair. 2008. Woody plant encroachment by Juniperus virginiana in a mesic native grassland promotes rapid carbon and nitrogen
accrual. Ecosystems 11:454-68.
Mortenson, S.G., and P.I Weisberg. 2010. Does river regulation increase the dominance of invasive woody
species in riparian landscapes? Global Ecology and
Biogeography 19:562-74.
Nagler, P.L., I Cleverly, E. Glenn, D. Lampkin, A. Huete,
and Z. Wan. 2005a. Predicting riparian evapotranspiration from MODIS vegetation indices and meteorological data. Remote Sensing of Environment
94:17-30.
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

68
Nagler, P.L., E.P. Glenn, K. Didan, J. Osterberg, F Jordan,
and J. Cunningham. 2008. Wide-area estimates of
stand structure and water use of Tamarix spp. on the
Lower Colorado River: Implications for restoration
and water management projects. Restoration Ecology 16:136-45.
Nagler, P., A. Jetton, J. Fleming, K. Didan, E. Glenn, J.
Erker, K. Morino, J. Milliken, and S. Gloss. 2007.
Evapotranspiration in a cottonwood (Populus fremontii) restoration plantation estimated by sap flow
and remote sensing methods. Agricultural and Forest Meteorology 144:95-110.
Nagler, P.L., K. Morino, K. Didan, J. Erker, J. Osterberg,
K.R. Hultine, and E.P. Glenn. 2009. Wide-area estimates of saltcedar (Tamarix spp.) evapotranspiration on the lower Colorado River measured by heat
balance and remote sensing methods. Ecohydrology
2:18-33.
Nagler, P.L., R.L. Scott, C. Westenburg, J.R. Cleverly,
E.P. Glenn, and A.R. Huete. 2005b. Evapotranspiration on western U.S. rivers estimated using the
enhanced vegetation index from MODIS and data
from eddy covariance and Bowen ratio flux towers.
Remote Sensing ofEnvironment 97:337-51.
Nagler, P.L., P.B. Shafroth, JW. LaBaugh, K.A. Snyder,
R.L. Scott, D.M. Merritt, and J. Osterberg. 2010.
The potential for water savings through the control
of saltcedar and Russian olive. In Saltcedar and
Russian Olive Control Demonstration Act Science
Assessment, ed. P.B. Shafroth, C.A. Brown, and
D.M. Merritt, 34-47. U.S. Geological Survey Scientific Investigations Report 2009-5247.
Naiman, R.J., and H. Decamps. 1997. The ecology of interfaces: Riparian zones. Annual Review ofEcology
and Systematics 28:621-65.
Nippert, J.B., J.J. Butler Jr., G.J. Kluitenberg, D.O. Whittemore, D.A. Scott, E. Spal, and J.K. Ward. 2010.
Patterns of Tamarix water use during a record
drought. Oecologia 162:283-92.
Nunez, D., L. Nahuelhual, and C. Oyarzu. 2006. Forests
and water: The value of native temperate forests in
supplying water for human consumption. Ecological Economics 58:606-16.
O'Meara, S., D. Larsen, and C. Owens. 2010. Methods
to control saltcedar and Russian olive. In Saltcedar
and Russian Olive Control Demonstration Act Science Assessment, ed. P.B. Shafroth, C.A. Brown,
and D.M. Merritt, 68-102. U.S. Geological Survey
Scientific Investigations Report 2009-5247.

© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

Great Plains Research Vol. 21 No.1, 2011

Odum, E.P. 1971. Fundamentals of Ecology. Saunders,
Philadelphia, PA.
Olenick, K.L., J.R. Conner, R.N. Wilkins, U.P. Kreuter,
and WT. Hamilton. 2004. Economic implications of
brush treatments to improve water yield. Journal of
Range Management 57:337-45.
Ormsbee, P., FA. Bazzaz, and W.R. Boggess. 1976.
Physiological ecology of Juniperus virginiana in
oldfields. Oecologia 23:75-82.
Ortmann, J., J. Stubbendieck, R.A. Masters, G.H., Pfeiffer, and T.B. Bragg. 1998. Efficacy and costs of
controlling eastern redcedar. Journal ofRangeland
Management 51:158-63.
Pataki, D.E., S.E. Bush, P. Gardner, D.K. Solomon, and
J.R. Ehleringer. 2005. Ecohydrology in a Colorado
River riparian forest: Implications for the decline
of Populus fremontii. Ecological Applications
15:1009-18.
Pearce, C.M., and D.G. Smith. 2001. Plains cottonwood's
last stand: Can it survive invasion of Russian olive
onto the Milk River, Montana, floodplain? Environmental Management 28:623-37.
Pearce, C.M., and D.G. Smith. 2007. Invasive saltcedar
(Tamarix): Its spread from the American Southwest
to the Northern Great Plains. Physical Geography
28:507-30.
Planty-Tabacchi, A.M., E. Tabacchi, R.J. Naiman, C.
Deferrari, and H. Decamps. 1996. Invisibility of
species rich communities in riparian zones. Conservation Biology 10:598-607.
Pockman, WT., and J.S. Sperry. 2000. Vulnerability to
xylem cavitation and the distribution of Sonoran
Desert vegetation. American Journal of Botany
87:1287-99.
Pratt, R.B., and R.A. Black. 2006. Do invasive trees have
a hydraulic advantage over native trees? Biological
Invasions 8:1331-41.
Qu, Y, S. Kang, F Li, J. Zhang, G. Xia, and W Li. 2007.
Xylem sap flows of irrigated Tamarix elongata
Ledeb and the influence of environmental factors in
the desert region of Northwest China. Hydrological
Processes 21:1363-69.
Rahel, FJ., and J.D. Olden. 2008. Assessing the effects of
climate change on aquatic invasive species. Conservation Biology 22:521-33.
Reynolds, L.v., and D.J. Cooper. 2010. Environmental
tolerance of an invasive riparian tree and its potential for continued spread in the southwestern U.S.
Journal of Vegetation Science 21:733-43.

Do Invasive Riparian Woody Plants Affect Hydrology and Ecosystem Processes? • Julie A. Huddle et 01.

Richardson, D.M., P.M. Holmes, K.I Esler, S.M. Galatowitsch, Ie. Stromberg, S.P. Kirkman, P. Pysek,
and R.J. Hobbs. 2007. Riparian vegetation: degradation, alien plant invasions, and restoration projects.
Diversity and Distributions 13:126-39.
Rood, S.B., IH. Braatne, and FM.R. Hughes. 2003.
Ecophysiology of riparian cottonwoods: Stream
flow dependency, water relations and restoration.
Tree Physiology 23: 1113-24.
Rood, S., S. Patino, K. Coombs, and M. Tyree. 2000.
Branch sacrifice: Cavitation-associated drought adaptation of riparian cottonwoods. Trees 14:248-57.
Rothenberger, S.l 1987. Woody plants of the lower Platte
Valley: An annotated checklist. Transactions of the
Nebraska Academy of Science 15:53-57.
Ruprecht, IK., and N.I Schofield. 1989. Analysis of
streamflow generation following deforestation in
southwest Western Australia. Journal ofHydrology
105:1-17.
Sahin, V, and M.I Hall. 1996. The effects of afforestation and deforestation on water yields. Journal of
Hydrology 178:293-309.
Sala, A., S.D. Smith, and D.A. Devitt. 1996. Water use by
Tamarix ramosissima and associated phreatophytes
in a Mojave Desert floodplain. Ecological Applications 6:888-98.
Samuelson, L.J., T.A. Stokes, and M.D. Coleman. 2007.
Influence of irrigation and fertilization on transpiration and hydraulic properties of Populus deltoides.
Tree Physiology 27:765-774.
Schade, S.G. Fisher, N.B. Grimm, and IA. Seddon. 2001.
The influence of a riparian shrub on nitrogen cycling
in a Sonoran Desert stream. Ecology 82:3363-76.
Schaeffer, S.M., D.G. Williams, and D.e. Goodrich.
2000. Transpiration of cottonwood/willow forest
estimated from sap flux. Agricultural and Forestry
Meteorology 105:257-70.
Schimel, D.S., W.l Parton, T.G.F Kittel, D.S. Ojima,
and c.v. Cole. 1990. Grassland biogeochemistry:
Links to atmospheric processes. Climatic Change
17:13-25.
Schmitt, T.I, M.G. Dosskey, and K.D. Hoagland. 1999.
Filter strip performance and processes for different
vegetation, widths, and contaminants. Journal of
Environmental Quality 28:1479-89.
Schultz, R.e., T.M. Isenhart, and J.P. Colletti. 1994. Riparian buffer systems in crop and rangelands. In
Agroforestry and Sustainable Systems: Symposium
Proceedings, 13-28. USDA Forest Service General
Technical Report RM-GTR-261.

69

Scott, R.L., E.A. Edwards, W.I Shuttleworth, T.E.
Huxman, C. Watts, and D.C. Goodrich. 2004.
Interannual and seasonal variation in fluxes of
water and carbon dioxide from a riparian woodland
ecosystem. Agricultural and Forest Meteorology
122:65-84.
Scott, R.L., T.E. Huxman, D.G. Williams, and D.e. Goodrich. 2006. Ecohydrological impacts of woodyplant encroachment: seasonal patterns of water and
carbon dioxide exchange within a semiarid riparian
environment. Global Change Biology 12:311-24.
Scott, R.L., W.l Shuttleworth, D.C. Goodrich, and T.
Maddock III. 2000. The water use of two dominant
vegetation communities in a semiarid riparian
ecosystem. Agricultural and Forestry Meteorology
105:241-56.
Shafroth, P.B., G.T. Auble, and M.L. Scott. 1995. Germination and establishment of the native plains
cottonwood (Populus deltoides Marshall subsp.
Monilifera) and the exotic Russian olive (Elaeagnus angustifolia L.). Conservation Biology
9:1169-75.
Shaforth, P.B., VB. Beauchamp, M.K. Briggs, K. Lair,
M.L. Scott, and A.A. Sher. 2008. Planning riparian restoration in the context of Tamarix control
in Western North America. Restoration Ecology
16:97-112.
Sher, A.A., D.L. Marshall, and S.A. Gilbert. 2000. Competition between native Populus deltoides and invasive Tamarix ramosissima and the implications for
reestablishing flooding disturbance. Conservation
Biology 14:1744-54.
Silberstein, R., A. Adhitya, and C. Dabrowski. 2003.
Changes in flood flows, saturated areas and salinity
associated with forest clearing for agriculture. CRC
for Catchment Hydrology, Technical Report 03/01.
Monash University, Victoria, Australia.
Sisneros, D. 1994. Upper Colorado region saltcedar cost
analysis/evaluation: Salt Lake City, Utah, Report
for the Bureau of Reclamation, Applied Sciences
Referral Memorandum No. 94-2-2.
Smeins, FE. 2003. History and ecology of saltcedar
(Tamarix). In Proceedings of the Saltcedar and Water Resources in the West Symposium, July 16-17,
2003, San Angelo, Texas, ed. C. Hart, 2-9. Texas
Cooperative Extension, College Station.
Smith, D.W., and N.E. Linnartz. 1980. The southern
hardwood region. In Regional Silviculture of the
United States, 2nd ed., ed. JW. Barrett, 145-230.
John Wiley and Sons, New York.
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

70

Snyder, K.A., and D.G. Williams. 2000. Water sources
used by riparian trees varies among stream types
on the San Pedro River, Arizona. Agricultural and
Forestry Meteorology 105:227-40.
Sogge, M.K., S.l Sferra, and E.H. Paxton. 2008. Tamarix
as habitat for birds: Implications for riparian restoration in the southwestern United States. Restoration Biology 16:146-54.
Sparks, lP., and R.A. Black. 1999. Regulation of water
loss in populations of Populus trichocarpa: The role
of stomatal control in preventing xylem cavitation.
Tree Physiology 19:453-59.
Sperry, lS., and M.T. Tyree. 1990. Water-stress-induced
xylem embolism in three species of conifers. Plant
Cell and Environment 13:427-36.
Stednick, lD. 1996. Monitoring the effects of timber
harvest on annual water yield. Journal of Hydrology 176:79-95.
Stormont, lC., E. Farfan, and l.E.A. Coonrod. 2009. Total
soil water evaporation in a riparian environment:
Model development and application. Journal of
Hydrologic Engineering 14:904-12.
Stromberg, le., R. Tiller, and B. Richter. 1996. Effects of
groundwater decline on riparian vegetation of semiarid regions: The San Pedro, Arizona. Ecological
Applications 6:113-31.
Sun, G., S.G. McNulty, 1 Lu, D.M. Amatya, Y Liang, and
R.K. Kolka. 2005. Regional annual water yield from
forest lands and its response to potential deforestation across the southeastern United States. Journal
of Hydrology 308:258-68.
Sun, S., G. Zhou, Z. Zhang, X. Wei, S.G. McNulty, and
lM. Vose. 2006. Potential water yield reduction due
to forestation across China. Journal of Hydrology
328:548-58.
Szilagyi, l, F.E. Harvey, and IF. Ayers. 2005. Regional
estimation of total recharge to ground water in Nebraska. Ground Water 43:63-69.
Tabacchi, E., L. Lambs, H. Guilloy, A.M. Planty-Tabacchi, E. Muller, and H. Decamps. 2000. Impacts of
riparian vegetation on hydrological processes. Hydrological Processes 14:2959-67.
Tabacchi, E., A.M. Planty-Tabacchi, M.l Salinas, and
H. Decamps. 1996. Landscape structure and diversity in riparian plant communities: a longitudinal
comparative study. Regulated Rivers Research and
Management 12:367-90.
Taylor, lL. 2001. Populus deltoides. In Fire Effects Information System, (online). U.S. Department of Agriculture, Forest Service, Rocky Mountain Research
© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

Great Plains Research Vol. 21 No.1, 2011

Station, Fire Sciences Laboratory (Producer), http://
www.fs.fed.us/database/feis/ (accessed February 5,
2008).
Taylor, lP., and K.C. McDaniel. 1998. Restoration of
saltcedar (Tamarix sp.) infested floodplains on the
Bosque del Apache National Wildlife Refuge. Weed
Technology 12:345-52.
Taylor, lP., and K.C. McDaniel. 2004. Revegetation
strategies after saltcedar (Tamarix spp.) control in
headwater, transitional, and depositional watershed
areas. Weed Technology 18:1278-82.
Tennessen, D., R.A. Blanchette, and T.e. Windes. 2002.
Differentiating aspen and cottonwood in prehistoric
wood from Chacoan Great House ruins. Journal of
Archaeological Science 29:521-27.
Tibbets, T.M., and M.e. Molles lr. 2005. C:N:P stoichiometry of dominant riparian trees and arthropods
along the Middle Rio Grande. Freshwater Biology
50:1882-94.
Truman, K. 1996. Collaborative efforts for Tamarisk
management and control: Problem statement: Facts.
University of Nevada Environmental Studies Program Report, Las Vegas, NY.
U.S. Bureau of Reclamation. 2009. Updates on Sisneros,
1994-Cost histories of saltcedar projects: Denver,
CO, Bureau of Reclamation Research and Development Office, http://www.usbr.gov/research/docs/
saltcedarcost.pdf (accessed May 11,2010).
Van Riper, C. III, K.L. Paxton, C. O'Brien, P.B. Shafroth,
and L.l McGrath. 2008. Rethinking avian response
to Tamarix on the Lower Colorado River: A threshold hypothesis. Restoration Biology 16:155-67.
Vose, lM., w.T. Swank, G.l Harvey, B.D. Clinton, and
C. Sobek. 2000. Leafwater relations and sapflow in
eastern cottonwood (Populus deltoides Bartr.) trees
planted for phytoremediation of a groundwater pollutant. International Journal of Phytoremediation
2:53-73.
Warren, A., YC. Sud, and B. Rozanov. 1996. The future
of deserts. Journal ofArid Environments 32:75-89.
West, E., and Ruark, G. 2004. A long, long time ago. Journal of Soil and Water Conservation 59:105-10.
Wilcox, B.P. 2002. Shrub control and streamflow on
rangelands: A process based viewpoint. Journal of
Range Management 55:318-26.
Wilcox, B.P., w.A. Dugas, M.K. Owens, D.N. Ueckert,
and C.R. Hart. 2005. Shrub control and water yield
on Texas rangelands: Current state of knowledge.
Texas Agricultural Experiment Station, Research
Report 05-1.

Do Invasive Riparian Woody Plants Affect Hydrology and Ecosystem Processes? • Julie A. Huddle et 01.

Wilcox, B.P., M.K. Owens, w.A. Dugas, D.N. Ueckert,
and C.R. Hart. 2006. Shrubs, streamflow, and
the paradox of scale. Hydrological Processes
20:3245-59.
Wilcox, B.P., and T.L. Thurow. 2006. Emerging issues in
rangeland ecohydrology: Vegetation change and the
water cycle. Rangeland Ecology and Management
59:220-24.
Willms, C.R., DW. Pearce, and S.B. Rood. 2006. Growth
of riparian cottonwoods: A developmental pattern
and the influence of geomorphic context. Trees
20:210-18.
Wilson, C.l., P.S. Manos, and R.B. Jackson. 2008. Hydraulic traits are influenced by phylogenetic history
in the drought-resistant, invasive genus Juniperus (Cupressaceae). American Journal of Botany
95:299-314.

71

Wyckoff, GW., and l.c. Zasada. 2002. Populus L. Woody
plant seed manual (online), http://www.nsl.fs.fed.us/
wpsm/Populus.pdf (accessed November 29, 2009).
Zavaleta, E. 2000. The economic value of controlling an
invasive shrub. Ambio 29:462-67.
Zavaleta, E.S., R.l. Hobbs, and H.A. Mooney. 2001.
Viewing invasive species removal in a whole-ecosystem context. TRENDS in Ecology and Evolution
16:454-59.
Zhang, L., W.R. Dawes, and G.R. Walker. 2001. Response
of mean annual evapotranspiration to vegetation
changes at catchment scale. Water Resources Research 37:701-8.
Zhao, C.M., G.X. Wang, X.P. Wei, l.M. Deng, and D.L.
Cheng. 2007. Effects of groundwater depth variation on photosynthesis and photoprotection of Elaeagnus angustifolia L. Trees 21:55-63.

© 2011 Center for Great Plains Studies, University of Nebraska-Lincoln

