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Over the past century, two introduced Eurasian trees, saltcedar
(Tamarix spp.) and Russian olive (Elaeagnus angustifolia) have be-
come wide spread on western United States of American (U.S.)
rivers. This paper reviews the literature on the following five key
areas related to their distribution and abundance in the western
United States: (1) the history of introduction, planting, and spread
of saltcedar and Russian olive; (2) their current distribution;
(3) their current abundance; (4) factors controlling their current
distribution and abundance; and (5) models that have been devel-
oped to predict their future distribution and abundance. Saltcedar
and Russian olive are now the third and fourth most frequently
occurring woody riparian plants and the second and fifth most
abundant species (out of 42 native and non-native species) along
rivers in the western United States. Currently there is not a precise
estimate of the areas that these species occupy in the entire West.
Climatic variables are important determinants of their distribution
and abundance. For example, saltcedar is limited by its sensitivity
to hard freezes, whereas Russian olive appears to have a chilling
requirement for bud break and seed germination, and can pre-
sumably survive colder winter temperatures. Either species can be
dominant, co-dominant or sub-dominant relative to native species
on a given river system. A number of environmental factors such as
water availability, soil salinity, degree of streamflow regulation, and
fire frequency can influence the abundance of these species relative
to native species. Numerous studies suggest that both species have
spread on western rivers primarily through a replacement process,
whereby stress-tolerant species have moved into expanded niches
that are no longer suitable for mesic native pioneer species. Better
maps of current distribution and rigorous monitoring of distri-
butional changes though time can help to resolve differences in
predictions of potential future spread. An adequate understand-
ing does not yet exist of what fraction of western riparian zones is
resistant to dominance by either of these species, what fraction is
at risk and could benefit from intervention, and what fraction has
been altered to the point that saltcedar or Russian olive are most
likely to thrive.

Keywords area, extent, invasive species interactions, management,
Russian olive, saltcedar, tamarisk

I. INTRODUCTION
Saltcedar (Tamarix spp.; also known as tamarisk) and Rus-

sian olive (Elaeagnus angustifolia) are introduced plants that
are now frequent and abundant components of the woody ripar-
ian vegetation along many western United States of America
(U.S.) rivers (Friedman et al., 2005; Ringold et al., 2008). Man-
agement strategies for dealing with these two species require
knowledge of their distribution (extent of spread), their abun-
dance in different ecosystems, and the ecological conditions that
favor or hinder their spread or persistence. However, no recent
reviews have been conducted to synthesize knowledge on their
distribution and abundance. Earlier reviews tended to treat these
plants as uniformly invasive, and remarks on their distribution
emphasized the rapidity with which they spread, in keeping with
the perception that they outcompeted and displaced native veg-
etation. For example, Di Tomaso (1998), reviewing the earlier
literature, stated that saltcedar increased in area from 4,000 ha

in the 1920s (Neil, 1985) to 360,000 ha in 1965 (Robinson,
1965) and to 600,000 ha in 1987 (Brotherson and Field, 1987),
representing a range expansion of 3–4% per year, at rates up
to 20 km per river reach per year (Graf, 1978). Yet, none of
the estimates were backed up with rigorous observational data.
A more accurate, comprehensive, and up-to-date picture of the
current distribution and abundance of these species is needed to
inform strategies and tactics aimed at managing these species
and associated riparian ecosystems.

Fortunately, there has been a great deal of ecological research
conducted on saltcedar and to a lesser extent Russian olive over
the past decade. These studies have produced a much more nu-
anced view of the invasive properties of these plants, and a more
complete picture of their distribution and abundance in relation
to native vegetation. This review draws on the recent literature
to cover the following five key areas related to the distribution
and abundance of these species in the western U.S. (Fig. 1): (1)
the history of their introduction, planting, and spread; (2) their
current distribution; (3) their current abundance; (4) factors that
control their current distribution and abundance; and (5) models
to predict their future distribution and abundance.

II. HISTORY OF INTRODUCTION, PLANTING, AND
SPREAD

Saltcedar refers to a cluster of closely related species in the
genus Tamarix (family Tamaricaceae) that were deliberately in-
troduced to the United States in the nineteenth century from
sources in southern Europe, Asia, and North Africa (Gaskin and
Schaal, 2002; Gaskin and Kazmer, 2006). The species that are
known to have been introduced and that have become naturalized
are T. ramosissima, T. chinensis, hybrids between T. ramosis-
sima and T. chinensis, T. parviflora, T. gallica, T. canariensis,
and T. aphylla (also called athel, or athel pine). As early as the
1820s, saltcedar was advertised in U.S. horticultural catalogues,
and by 1856 it was sold in California nurseries (Robinson, 1965).
In the early 1900s, saltcedar was widely planted in the south-
western U.S. for windbreaks and protection from streambank
erosion.

The majority of the invasive saltcedars in the western U.S.
are T. ramosissima, T. chinensis, and hybrids between these
(Gaskin and Schaal, 2002; Gaskin and Kazmer, 2006). In the
1930s, they escaped cultivation and spread rapidly along ma-
jor western U.S. river systems (Robinson, 1965). They are now
distributed widely in western U.S. riparian corridors (Friedman
et al., 2005; Ringold et al., 2008), irrigation districts (Harrison
and Matson, 2003; Cornell et al., 2008), reservoir margins
(Pearce and Smith, 2003, 2007), coastal salt marshes (Whitcraft
et al., 2007), and other habitats with moist soils or shallow
groundwater. They are halophytes and, as such, are frequently
found in saline habitats (Glenn and Nagler, 2005). The period
of most rapid spread occurred during the 1940s to 1960s, coin-
ciding with the era of major dam construction on western U.S.
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FIG. 1. Map of the western United States of America, with location of rivers and states included in the discussion in this article. State names are in bold type and
river names follow the river course (color figure available online).

rivers, which created new habitats for saltcedar expansion along
riverbanks and reservoir margins (Robinson, 1965).

The other Tamarix species are only locally abundant in North
America. T. gallica and T. canariensis are most commonly dis-
tributed near the Gulf of Mexico coast in Texas, and there are
some areas where T. parviflora has spread extensively, such as
Cache Creek in California (Ge et al., 2006). T. aphylla is a
large tree that has been regarded as less invasive since it nor-
mally produces sterile seeds. However, it has been identified
as an invasive species at Lake Mead National Recreation Area
(Walker et al., 2006). T. aphylla is locally abundant in various
other places in the western U.S., particularly near where it was
originally planted. In addition, T. aphylla has been found to hy-
bridize with T. ramossisima, but there is no evidence that these
hybrids have spread extensively (Gaskin and Shafroth, 2005).

Russian olive (Elaeagnus angustifolia, family Elaeagnaceae)
is a small tree that was reportedly first brought to the U.S. in the
1800s by Russian Mennonites who planted it in hedgerows and
for shade (Hansen, 1901). In the early 1900s, it was cultivated in
several western states, and by the 1940s it was planted in wind-
breaks throughout the Great Plains (Read, 1958; Christensen,
1963; Tellman, 1997). Although it is listed as a noxious weed
in many western states, Russian olive continues to be planted
in windbreaks and horticultural settings, which was encouraged
for years with state and Federal subsidies (Olson and Knopf,
1986; Haber, 1999). Russian olive escaped cultivation between
the 1920s and 1950s (Christensen, 1963; Olson and Knopf,
1986), and it continues to spread (for example, Pearce and Smith,

2001; Lesica and Miles, 2001; Katz and Shafroth, 2003; Ringold
et al., 2008).

III. CURRENT DISTRIBUTION
There are no actual estimates of the number of hectares

covered by these plants, as that would require detailed veg-
etation maps of the nation’s riparian zones, a task that has
not been undertaken. Although there is no current compre-
hensive inventory of these taxa in the United States, data
that contain species presence (location)—and more rarely
abundance—have been compiled on the National Institute of
Invasive Species Science (NIISS) websites. Specific websites in-
clude http://www.tamariskmap.org, which focuses on saltcedar,
and http://www.niiss.org, which provides information on vari-
ous non-native species in the U.S. including Russian olive. In
all, more than 20 disparate datasets have been compiled with
coordinates for saltcedar, and more than 15 disparate datasets
for Russian olive (Table 1). Most data are currently available
at http://www.niiss.org. Data for Montana, Wyoming, and the
southern Great Plains states were relatively sparse, and more
data have been collected for saltcedar than for Russian olive.

Saltcedar is widely distributed along major river systems
and reservoirs in Arizona, Utah, Colorado, Texas, New Mex-
ico, southern California and Nevada, and western Oklahoma
and Kansas (Figure 2a, 3a). Although not shown in Figure 2a,
saltcedar also occurs in northern Mexico (Harrison and
Matson, 2003; Cornell et al., 2008; Scott et al., 2009). Since
the 1950s and 1960s, saltcedar has expanded its distribution
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TABLE 1
Datasets found to include data for Russian olive and saltcedar

Data source Russian olive sample size Saltcedar sample size On NIISS.org

Bay, 2008 79 points No
Bradshaw, 2006 2931 points Yes
Colorado Department of Transportation, 2002 55 polygons 48 polygons Yes
Colorado project, www.niiss.org 53 points Yes
Colorado State Parks mapping data (Unpublished,

2003)
124 points

84 polygons
18 points

5 polygons
Yes

Davern, 2006 639 points Yes
Fingerprinting biodiversity (CSU and USGS field

data), www.niiss.org
69 points 135 points Yes

Friedman and others (2005) data 144 points Yes
Sexton and others (2006) data 20 points No
Grand Staircase Escalante National Monument

(Evangelista and others 2008)
52 points 1881 points Yes/ No

Hubbard Lake, www.niiss.org 10 polygons Yes
Uowolo, 2005 11 points No
National Park Service (2003) GIS data 3 points 1291 points Yes/ No
National Wildlife Refuge Project 4 points 2 polygons Yes
Nevada mapping data from NASA Ames (Sengupta

and others, 2005)
154 points Yes

NIISS Citizen Science Website Projects
(www.citsci.org)

16 points 100 points Yes

North Dakota Department of Agriculture, 2003 2648 points Yes
Otero County, Colo. (Kelley, 2003) 1422 points No
UC Davis plot data (Unpublished, 2007) 11 points No
Robinson, 1965 143 points Yes
Royal Gorge (Vieira, 2003) 14 points 19 points No
South Dakota Department of Agriculture, 2006 16 polygons Yes
Southwest Exotic Plant Mapping Program (Thomas

and Guertin, 2007)
366 points 899 points Yes

Tamarisk Coalition, 2008 2267 polygons Yes
Colorado Natural Heritage Program, 2008 11 points No
Utah BLM office, 2006 248 points 247 points No
Northwest saltcedar data (Bridgett Naylor, personal

communication)
1044 points No

Note: Data from www.niiss.org were downloaded on July 2, 2008. Polygon sizes varied among studies.

in the northern Great Plains states (Pearce and Smith, 2007).
Montana has significant populations of saltcedar in riparian
and wetland areas, and especially along the margins of reser-
voirs with fluctuating water levels (Sexton et al., 2006). In
North and South Dakota, saltcedar is listed as a noxious
weed (National Resources Conservation Council, 2008), al-
though, in comparison to Montana, it appears to be relatively
scarce in South Dakota as well as Nebraska and Wyoming.
However, this may be an artifact of differences in sampling
intensity.

Friedman et al. (2005) concluded that saltcedar, which pro-
duces numerous easily dispersed seeds after only one year of
growth, has spread widely across the western U.S. and probably
already occupies most of the locations to which it is suited, al-

though further northward expansion could occur due to climate
warming, evolution of frost tolerance, or reservoir construc-
tion. A comparison of the relatively recent map in Friedman
et al. (2005) with the much older one in Robinson (1965) sug-
gests that the range of saltcedar has not expanded much in
four decades. Ringold et al. (2008) estimated saltcedar to be
present on 20.9% of the assessed stream lengths in their “xeric”
climate region (southern California, Nevada, Arizona, western
New Mexico, Southern Utah, and Southwestern Colorado), and
on 7.7% of the assessed stream length in their “plains” climate
region (North and South Dakota, and the plains of eastern Mon-
tana, Wyoming, and Colorado).

Russian olive is now found in all but the southeastern states
and occurs across the southern tier of Canadian provinces
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FIG. 2. Recorded locations of (a) saltcedar from compiled datasets listed in table 1, displayed as point, line, or polygon features, reflecting the format in which
they were collected; and (b) Russian olive from compiled datasets in table 1 (used in modeling) merged with the distribution of Russian olive in 17 western states
from Katz and Shafroth (2003). Colors represent reports of occurrence based on different studies cited in Katz and Shafroth (2003) (color figure available online).

(http://www.plants.usda.gov/java/profile?symbol=ELAN), al-
though it is not naturalized in all of these locations. Collectively,
various publications (cited in Katz and Shafroth, 2003) indicate
that it has become naturalized along most of the major river sys-

tems in the Great Plains, and in mid-elevation rivers in all the
southwestern states (Figs. 2b, 3b). It is found along many of the
major western river systems, including the Platte, Middle Rio
Grande, Snake, Yellowstone, Upper Missouri and its tributaries,
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FIG. 3. County distribution of (a) saltcedar and (b) Russian olive, including
counties identified in the Biota of North America Program dataset, counties
with field data from Figure 1, and counties with quarter quadrangle acreage
greater than zero in the western U.S. (saltcedar) and in Colorado (Russian
olive). Differences in county information (all but the dark olive-colored counties)
indicate there are still data gaps in the various data sets available for the two
species (color figure available online).

and the Upper Colorado River and its tributaries. Ringold et al.
(2008) found that Russian olive occurred on 17.2% of stream
length in their xeric region and 19.9% of stream length in their
plains region. Russian olive has relatively large seeds that are
not dispersed as rapidly as those of saltcedar (Katz and Shafroth,
2003); thus, it is possible that its seeds have not yet reached all
of the suitable areas in western North America (Friedman et al.,
2005).

IV. CURRENT ABUNDANCE
Mere presence is not an indication that saltcedar and Russian

olive are problematic; relative abundance is more important for
determining whether these species actually have undesirable
effects (for example, van Riper et al., 2008). However, relative
abundance data currently available for these species are less

FIG. 4. Quarter quadrangle estimates of saltcedar acreage surveyed at the
county level in 2004. Quarter quadrangles from where field data reported
saltcedar but where the acreage estimates were zero are highlighted in blue.
Dataset produced by the Western Weed Coordinating Committee with funding
from the Center for Invasive Plant Management (color figure available online).

comprehensive than presence/absence data. Furthermore, the
abundance metrics measured and details studied have varied
across scales and studies.

At regional or landscape scales, the Western Weed Coordi-
nating Committee asked county weed coordinators to estimate
saltcedar acreage for each quarter quadrangle (ca. 40 km2) in
their jurisdiction and based their report on those figures (Fig. 4).
The data reported, however, were based on expert knowledge
rather than actual field data; thus, the geographic coverage tends
to be incomplete and inconsistent, creating large data gaps. Field
data are also suspected of being incomplete. For example, data
collected by the National Institute of Invasive Species Science
revealed saltcedar presence in 1,899 of the quarter quadrangles
that were classified previously as having zero acres of saltcedar
or where the county weed coordinator did not respond to the
survey, and more than half of those quadrangles were located in
counties that reported zero acres in the survey. The results in Fig-
ure 4, therefore, should be interpreted cautiously, even though
they provide the only estimates based on consistent methods
for abundance across the entire western United States.

Another issue with available saltcedar abundance data is that
the number of acres it occupies typically has been estimated at
different times using different methods, and only rarely have
areas where the species is merely present been differentiated
from areas where it is dominant. Robinson (1965) compiled
information from various sources to arrive at an estimate of
360,000 ha across the western U.S. in 1961. This figure has been
referenced repeatedly, sometimes slightly modified, for over
40 years without rigorous updating. Thus, currently there is no
credible estimate of the abundance of saltcedar in the western
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FIG. 5. Frequency of occurrence and normalized vegetation cover of T. ramo-
sissima and E. angstifolia compared to native trees on western U.S. rivers, from
a survey of woody riparian vegetation at 475 randomly chosen stream gauging
stations reported in Friedman and others (2005). Modified from Figure 1 in
Friedman et al., 2005 (color figure available online).

United States. It may be reasonable to assume that there are at
least 360,000 ha within which it has a history of occurring.

Friedman et al. (2005) measured canopy cover of both
saltcedar and Russian olive, plus 42 other woody plant species
along river reaches adjacent to 475 randomly chosen gauging
stations, in the 17 contiguous states west of the 100th merid-
ian. Saltcedar and Russian olive were the third and fourth most
frequently occurring woody riparian plants and the second and
fifth most abundant (based on canopy cover; including native
species; Figure 5). Saltcedar was dominant in low-elevation,
southwestern riparian corridors, but only occasionally was it
dominant above the 41st parallel (as along reservoir margins in
Montana). In contrast, Russian olive was most abundant in the
northern Great Plains (Figure 6).

Although saltcedar and Russian olive were introduced to
the U.S. over 100 years ago and are widely naturalized and
present in many river systems and other suitable habitats,
Stromberg et al. (2007b) and Merritt and Poff (2010) found
that they are rare or subdominant on some rivers, co-dominant
with native trees on others, and dominant on still others. Ex-
amples of rivers that support dense, nearly monotypic stands
of saltcedar include the Lower Colorado from Lake Mead
(on the Nevada/Arizona border) to the U.S.-Mexico border
(Nagler et al., 2007), the Rio Grande below Elephant Butte
Reservoir in southern New Mexico (Hudgeons et al., 2007), and
the Pecos River in New Mexico and Texas (Hart et al., 2005)
(Figure 4). Floodplains vegetated with mixtures of saltcedar
and native trees represent the most common current condition
along western river segments, including the following: Mid-
dle Rio Grande (Dahm et al., 2002; Akasheh et al., 2008;
Walker et al., 2008); the Lower San Pedro (Brand et al., 2008);
the San Juan River below Navajo Dam in Colorado, New Mex-
ico, and Utah (authors’ observations); the Colorado River below
Glen Canyon Dam in Grand Canyon (Groeneveld and Wat-
son, 2008; Mortenson et al., 2008); the Bill Williams River
below Alamo Dam in Arizona (Shafroth et al., 2002); the Salt
River above Roosevelt Lake and the Agua Fria River in Ari-
zona (Stromberg et al., 2007b; Boudell and Stromberg, 2008);
the Arkansas River in Colorado (Nelson and Wydoski, 2008);
and the delta of the Colorado River in Mexico (Nagler et al.,
2005).

As with saltcedar, Russian olive abundance varies consider-
ably among different rivers and different reaches within a given
river system (Table 2). On parts of the Snake River in Idaho,
Russian olive can grow in dense stands constituting 80% of
the vegetation cover. On the Middle Rio Grande, Marias, and
Yellowstone Rivers, it can grow as an understory plant in cotton-
wood stands or as a co-dominant plant with cottonwood (Lesica
and Miles, 2001; Dahm et al., 2002).

FIG. 6. Presence and absence of saltcedar and Russian olive at 475 sample locations in the western U.S. and associated mean annual minimum temperature.
Modified from Figure 2 in Friedman et al., 2005 (color figure available online).
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TABLE 2
Density and percent canopy cover of Russian olive trees on

western U.S. rivers

River or Location Density (Plants/ha) Cover (%)

Rio Grande, N.M. 0–566 0–43.3
Chinle Wash, Ariz. 430–1150 25–78
Duchesne R., Utah NA 50
Milliken, Colo. NA 40
Arikaree R., Colo. 0.7–225.3 N/A
Republican R., Colo. 4.3–314.3 NA
Platte R., Nebr. NA 2.2–24.5
Marias R., Mont. 20–760 NA
Yellowstone R., Mont. 20–5120 NA
Snake R., Idaho 0–940 0–81.2

Note: Table is modified from Katz and Shafroth (2003), which also
cites the original published sources.

V. FACTORS THAT CONTROL CURRENT
DISTRIBUTION AND ABUNDANCE

A. Continental and Landscape-Scale Factors
Figures 2 and 6 illustrate the tendency for saltcedar to have

a more southerly distribution than Russian olive. Friedman
et al. (2005) expressed this quantitatively as a function of mean
annual minimum temperature (Figure 7). Saltcedar is limited
by its sensitivity to hard freezes, whereas Russian olive appears
to have a chilling requirement for bud break and seed germina-
tion, and presumably it can survive colder winter temperatures.
However, populations of saltcedar certainly occur in the north-
ern Great Plains states (for example, Pearce and Smith, 2003;
Sexton et al., 2006; Figures 2a, 3a, 6). Friedman et al. (2008)
found that there was inherited variation in cold hardiness in
North American Tamarix, which, combined with hybridization
and climate warming, could permit range expansion northward.
Although both saltcedar and Russian olive occur east of the Mis-
sissippi River, generally they are not regarded as pest species in
these states.

FIG. 7. Probability of occurrence of saltcedar and Russian olive as a function
of mean annual minimum temperature. Modified from Figure 3 in Friedman et
al., 2005 (color figure available online).

At the landscape scale, water availability is the clearest fac-
tor controlling distribution of these taxa in the arid and semiarid
western United States (Jarnevich and Reynolds, 2010). Both
species appear to require supplemental moisture relative to that
available in upland environments, which explains their distribu-
tion within river floodplains, along reservoir margins, and near
other sources of supplemental moisture such as springs or irriga-
tion canals. There have been reports that saltcedar and Russian
olive are able to occupy “uplands” (Knopf and Olson, 1984;
Morisette et al., 2006); however, we have found no literature in-
dicating that saltcedar has colonized upland areas surrounding
riparian corridors. Rather, it appears that the term “upland” has
been used by some to denote terraces or small drainages within
an upland matrix that, though drier than more mesic floodplain
surfaces, are still part of the bottomland or at least are areas
with a moisture supplement. Saltcedar and Russian olive are
relatively drought tolerant and therefore may be able to occupy
some areas within the bottomland, such as terraces, which are
typically unsuitable for native, mesic riparian trees and shrubs
(for example, cottonwoods and willows). Along Chinle Creek,
Arizona, Russian olive seedlings became established on terraces
where precipitation is the only water source, and plants up to
15 years old survived on only soil water (Reynolds and Cooper,
2010). Within a bottomland setting, Russian olive can establish
within and occupy some sites that saltcedar typically does not,
such as wet meadows and cottonwood understory (for exam-
ple, Currier, 1982; Lesica and Miles, 2001; Katz and Shafroth,
2003).

B. River Reach and Site-Scale Factors
As described above, the presence of saltcedar and Rus-

sian olive varies considerably between sites and river reaches
across the western United States. In this section, we discuss
the environmental conditions under which these species re-
main subdominant or rare and the conditions under which
they thrive and become of concern to resource managers.
We discuss the following five factors that have been shown
to be major drivers of the distribution and abundance of ri-
parian vegetation in the western U.S. at river-reach and site
scales: (1) high flows and fluvial disturbance regimes; (2)
low flows, alluvial groundwater conditions, and water avail-
ability; (3) soil texture; (4) soil and aquifer salinity; and
(5) fire regimes. We show how streamflow regimes and as-
sociated processes drive or influence these five key factors
from the standpoint of three river categories that vary in
their levels of streamflow regulation and other anthropogenic
perturbations.

1. High Flows and Fluvial Disturbance Regimes
Arguably the most important site factors that determine the

suitability for different riparian plants are those associated with
the hydrologic regime, including high flows (and associated
disturbance), low flows, and alluvial groundwater dynamics
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(Stromberg et al., 2007a). Various aspects of a river’s flood
regime (including frequency, magnitude, duration, timing, and
rate of change; see Poff et al., 1997) can influence riparian veg-
etation dynamics. Natural flood regimes and associated fluvial
processes are the main drivers of structural and compositional
diversity of riparian vegetation (Hughes, 1997). In the west-
ern U.S., aspects of flow regimes that may favor native pioneer
trees (cottonwoods and willows, genera Populus and Salix) over
Tamarix and Elaeagnus or allow a mix of native species and
Tamarix and Elaeagnus include the following: (1) floods that
are large enough to create bare, moist germination sites; (2)
flood timing that is synchronized with the seed dispersal pe-
riod of native pioneer trees; (3) flood recession that is slower
than seedling root growth; (4) base flows that provide continued
high water availability; and (5) a lack of subsequent floods until
plants are large enough to resist flood-induced physical dam-
age (Mahoney and Rood, 1998; Hughes et al., 2001). Also, the
frequency of suitable recruitment flows strongly influences the
heterogeneity and age-class diversity of riparian forests in west-
ern North America (Mahoney and Rood, 1998). Russian olive is
less flood- and disturbance-dependent than cottonwood, willow,
or saltcedar, and it is more shade-tolerant (Shafroth et al., 1995;
Lesica and Miles, 1999; Katz et al., 2001; Katz and Shafroth,
2003; Katz et al., 2005; Reynolds and Cooper, 2010). Although
not addressed here, non-hydrologic disturbance factors such as
grazing also can affect the spread of non-native plant species
(Lozon and MacIsaac, 1997).

2. Low Flows, Alluvial Groundwater, and Associated Water
Availability

Low flows and alluvial groundwater dynamics strongly in-
fluence which riparian taxa occupy particular sites (Stromberg
et al., 2007a). Different plant species and communities are asso-
ciated with particular ranges of depth to groundwater (Meinzer,
1927; Stromberg et al., 1996), though groundwater regimes of-
ten are characterized by significant intra- and inter-annual vari-
ation (Scott et al., 1999, 2000; Shafroth et al., 2000). Cleverly
et al. (1997) showed that over time, saltcedar can become dom-
inant on drought-affected rivers. Lite and Stromberg (2005)
developed a model for the San Pedro River in Arizona that
determines whether sites will be dominated by stands of non-
native saltcedar or native cottonwoods and willows based on
thresholds in water availability. The native trees dominated sites
where surface flow was present more than 76% of the time,
interannual fluctuations in the alluvial groundwater table were
less than 0.5 m, and the average maximum depth to the water
table was less than 2.6 m, based on two years of data collec-
tion. Specific reports of Russian olive tolerance to particular
groundwater or low-flow conditions are lacking; however, Rus-
sian olive appears to be able to tolerate a broad range of soil
moisture conditions within river bottomlands (Campbell and
Dick-Peddie, 1964; Lesica and Miles, 2001; Katz and Shafroth,
2003; Reynolds and Cooper, 2010).

3. Soil Texture
Soil texture can affect soil moisture, salinity, nutrient avail-

ability, aeration, height of the capillary fringe above the water
table, and competitive interactions between saltcedar, Russian
olive and native species (Sher and Marshall, 2003). For example,
fine-textured soils are associated with a more extensive capillary
fringe as well as higher water- and nutrient-holding capacities
compared to coarse-textured soils. Salinity may be higher in clay
soils because of the higher cation exchange capacity. Saltcedar
grows on a wide range of bottomland sediments, including vari-
able surface and subsurface textures, ranging from fine sands to
dense clays. The range of soil types that support Russian olive
has not yet been defined.

4. Salinity of Soils and Aquifers
Plants vary in their tolerance of soil salinity; thus, elevated

levels of soil salinity can greatly influence the relative abun-
dances of saltcedar, Russian olive, and native taxa (Shafroth
et al., 2008). All western rivers carry some dissolved salts,
and some, such as the Lower Colorado (0.8g/l; Nagler et al.,
2009) and the Pecos (4–10 g/l; Hart et al., 2005), have rela-
tively high salinities. Salts enter rivers as leachate from natural
marine deposits and other sources and can concentrate as rivers
are used for irrigation. Salinity of floodplain soils can become
concentrated due to lack of flushing from overbank flows (Jolly
et al., 1993). As a result, soil salinity on many surfaces has in-
creased to levels that no longer support non-halophytic riparian
plants.

Saltcedar is a halophyte, with 50% growth reduction at a
salinity level of 35 g/l (equal to seawater salinity; Glenn et al.,
1998). On the other hand, cottonwood and willows are gly-
cophytes, with 50% growth reduction occurring at only 5 g/l
salinity. In addition to influencing the survival and growth of
established plants, high levels of soil salinity can reduce seed
germination and seedling establishment (Shafroth et al., 1995).
Russian olive is more salt tolerant than the native trees it grows
with, but not as tolerant as saltcedar (Monk and Wiebe, 1961;
Carman and Brotherson, 1982; Kefu and Harris, 1992). In par-
ticular, Russian olive has high tolerance of alkaline conditions
(Stoeckeler, 1946; Read, 1958; Katz and Shafroth, 2003).

5. Fire Regimes
Another factor that appears to favor saltcedar dominance over

native taxa is fire, though evidence for this is mixed in the few
reports on the topic (Busch, 1995; Busch and Smith, 1995; Ellis,
2001). Wildfires in riparian systems of the southwestern U.S.
have increased in recent decades, largely as a result of dense
buildup of combustible litter and an increase in anthropogenic
ignitions (Busch, 1995; Busch and Smith, 1995; Ellis, 2001).
Flow regulation indirectly promotes fire in riparian ecosystems
because, without floods that transport and export this material
and promote its decomposition, potentially combustible plant
litter accumulates (Ellis et al., 1998). Saltcedar resprouts read-
ily after fires, which can reinforce its dominance over time
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(Busch, 1995; Busch and Smith, 1995). On the Lower Col-
orado River and its tributaries, the abundance of saltcedar and
the native shrub arrowweed (Pluchea sericea) tends to increase
following fire, whereas abundance of cottonwood, willow, and
mesquite (Prosopis spp.) tends to decrease (Busch, 1995; Busch
and Smith, 1995). However, in a study along the Middle Rio
Grande, resprouting of native cottonwood and willow following
fire equaled or exceeded that of saltcedar (Ellis, 2001).

C. Relationships between Abundance of Saltcedar and
Russian Olive and Degree of Flow Regulation

Two recent studies (Stromberg et al., 2007b; Merritt and Poff,
2010) examined the abundance of saltcedar relative to native pi-
oneer trees in the context of flow regulation across multiple
rivers in the western United States. Stromberg et al. (2007b)
compared saltcedar to cottonwood and willow abundance on 24
river reaches in the Gila and Lower Colorado drainage basins
of Arizona. The authors presented the following two main com-
parisons of abundance levels: (1) between reaches with peren-
nial and intermittent surface flow, and (2) within the peren-
nial reaches, between free-flowing and flow-regulated reaches.
Streamflow conditions were strong determinants of vegetation
structure. Cottonwood and willow were dominant on perennial
reaches that still had a natural flow regime; saltcedar made up
less than 10% of the vegetation cover on these streams. In con-
trast, saltcedar was abundant on reaches with intermittent flow
(either naturally or due to water extraction for human uses) and
on flow-regulated reaches. Merritt and Poff (2010) related the
probability of successful recruitment and the relative dominance
of cottonwood and saltcedar to the degree of flow alteration at 64
sites along 13 perennial rivers across arid and semi-arid western
United States. The authors found that although saltcedar recruit-
ment was highest along unregulated river reaches, it remained
relatively high across all levels of flow regulation. Cottonwood
recruitment, on the other hand, was severely limited by even
low levels of flow alteration. Similarly, saltcedar attained rela-
tive dominance over cottonwood along reaches with moderate
to high levels of flow alteration.

These studies reinforce a large number of other studies that
elucidate the mechanisms of vegetation change on western
rivers. Under natural or naturalized flow regimes, cottonwood
and willow seedlings often co-occur with and may outcompete
those of saltcedar (Stromberg, 1997; Sher et al., 2002; Nagler
et al., 2005; Bhattacharjee et al., 2009; Reynolds and Cooper,
2010). In some parts of the western United States, seeds of native
species germinate earlier in the year than saltcedar and tend to
grow faster during the first year (Shafroth et al., 1998). Cotton-
wood and willow trees can grow taller than saltcedar, eventually
overtopping them. Saltcedar shrubs prefer full sun and do not
grow well as understory or midstory plants. In their natural state,
many western U.S. rivers had periods of high flow in winter/
spring or summer due to winter rains or snowmelt that caused
overbank flooding. These flows washed salts from the soil, cre-
ated sites favorable for seed germination, and recharged alluvial

aquifers away from the river. Especially high flows reworked
the river bed, cut new channels, and scoured out undergrowth
to provide new areas for trees to establish. These patterns and
processes are evident in upper reaches of the major rivers in
Sonora, Mexico where native trees are dominant and saltcedar
is a minor component of the flora (Scott et al., 2009).

By contrast, on highly flow-regulated perennial rivers with
dams, extensive water diversions, and channelization, condi-
tions may favor saltcedar (Stromberg et al., 2007a, b; Merritt
and Poff, 2010). These rivers rarely have any overbank flood-
ing and the important associated fluvial disturbance and salt-
flushing described above. As a result, native trees can no longer
establish on the floodplains; over time, these surfaces may be-
come dominated by saltcedar as native trees die due to old age
or disease.

As mentioned above, salinity plays a key role in the replace-
ment of native trees by saltcedar on regulated rivers. Saline
return flows from irrigation districts along many rivers enter as
subsurface flows or surface drainage, concentrating salinity. Soil
and alluvial aquifer salinity have become elevated in the bot-
tomlands of many arid-region rivers where flow regulation has
reduced or eliminated overbank flooding and associated leach-
ing or flushing of salts (Jolly et al., 1993; Anderson, 1998). As
a result, soil salinity on many surfaces has increased to levels
that saltcedar can tolerate but many native riparian taxa (such as
cottonwood and willow) cannot.

In addition to salinity constraints, flow-regulated rivers of-
ten have deeper alluvial water tables due to diversion of water
away from the river and groundwater pumping. Numerous stud-
ies have shown that saltcedar is drought tolerant and can access
aquifers as deep as 10 m (Horton et al., 2001), whereas na-
tive trees require shallow aquifers (2–3 m), which no longer
exist along many flow-regulated rivers (reviewed in Glenn and
Nagler, 2005).

Many western U.S. rivers are intermediate between free-
flowing and completely flow-regulated. The Middle Rio Grande
in New Mexico is an example (Dahm et al., 2002; Akasheh
et al., 2008; Walker et al., 2008). Flow in this segment is dammed
and diverted for irrigation and municipal use. However, there is
still perennial flow in the river and an annual pulse-flow regime
augmented by occasional large releases that produce overbank
flooding. The Middle Rio Grande supports a mixed riparian for-
est in which cottonwood and saltcedar are co-dominants, and
Russian olive is present as a mid-story species under the na-
tive trees. Establishment of new cottonwood stands, however,
is uncommon. As mentioned in the “Current Abundance” sec-
tion (above), floodplains with mixed stands of saltcedar and
native trees seem to be the most common. This likely reflects
the greater number of rivers with intermediate levels of flow
regulation.

Although there are many fewer studies focused on Russian
olive than saltcedar, Russian olive distribution and abundance
are also apparently associated with flow regulation (Ringold
et al., 2008). As discussed above, because Russian olive can
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germinate, establish, and grow in the presence of competi-
tion from understory vegetation and/or canopy cover, it does
not require bare fluvial surfaces that are commonly created by
flood-related processes (e.g., Scott et al., 1996). Flow regulation
typically reduces the rate and extent of creation of new, bare flu-
vial surfaces, and thus could provide more suitable sites for the
more shade-tolerant Russian olive than for species such as cot-
tonwood and willow that depend on these bare sites (Shafroth
et al., 1995; Reynolds and Cooper, 2010). The tendency for
Russian olive to have expanded on regulated river reaches has
been reported in several specific cases (Akashi, 1988; Lesica and
Miles, 1999, 2001; Katz et al., 2005), and was also observed in
a recent regional study of western rivers (Ringold et al., 2008).
Russian-olive is also able to persist on sites high above the water
table (Reynolds and Cooper, 2010).

VI. MODELS TO PREDICT FUTURE DISTRIBUTION
AND ABUNDANCE

Habitat suitability models can fill data gaps in survey records
and potentially predict areas where future spread is more or
less likely. The models can highlight priority locations for
future surveying and monitoring and inform decision makers
and land managers as to which areas are not currently occu-
pied by non-native species. Here, we critically review modeling
efforts.

Existing models for saltcedar include one developed by
Evangelista et al. (2008), who modeled saltcedar distribution
for Grand Staircase-Escalante National Monument by using dis-
tance to water, slope, solar radiation, soil wetness, and aspect
as explanatory variables for presence or absence of saltcedar.
The authors divided a set of presence-absence databases into
training sets and validation sets, and found they could reason-
ably predict where saltcedar should occur. However, they did
not address abundance questions.

Morisette et al. (2006) used remote sensing and presence-
absence data to create a habitat suitability map for saltcedar.
For Arizona, Utah, Colorado, New Mexico, Texas, Nevada, and
California they estimated that 8–30% of the states’ map pixels,
totaling 35 million ha, contained “highly suitable” habitat for
saltcedar. About twice that amount of land was rated as moder-
ately suitable. They concluded that saltcedar has great potential
for further spread in these states. However, caution is needed
in accepting this conclusion, because the area containing highly
suitable habitat would be limited to areas such as river flood-
plains and reservoir margins, and thus likely would be a very
small fraction of the total pixel area.

Friedman et al. (2005) modeled the distribution of saltcedar
and Russian olive at the scale of the western United States as a
function of mean annual minimum temperature (Figure 7). Their
results, based on Gaussian logistic regression, indicated that the
probability of saltcedar occurrence declined with decreasing
mean annual minimum temperatures, whereas the probability
of Russian olive occurrence increased with lower mean annual
minimum temperatures.

Jarnevich et al. (2011) and Jarnevich and Reynolds (2010) re-
cently developed new habitat suitability maps for both saltcedar
and Russian olive using most of the field data locations de-
scribed above (Figure 8a and b), an expanded suite of predic-
tor variables, and the Maximum Entropy (Maxent) modeling
technique (Phillips et al., 2006). Predictor variables included
bioclimatic variables, topographic variables, and others such
as distance to water. Distance to water was based on the Na-
tional Atlas of the United States hydrography layer, and is the
shortest distance from one pixel to another pixel containing a
water body in the layer used. Maxent provides a metric to eval-
uate model performance (hereafter, “evaluation value”), with
values ranging between 0.5 and 1.0. An evaluation value of
0.5 indicates no discrimination ability; values between 0.7 and
0.8 are acceptable; values between 0.8 and 0.9 are excellent;
and values >0.9 indicate outstanding discrimination (Swets,
1988).

For saltcedar, an estimated 591,394 1-km2 grid cells in the
western U.S. contain some suitable habitat, based on a binary
map of the model created using the 10 percentile training pres-
ence threshold (0.52). (This does not mean that each 1-km2

cell is completely suitable, so the estimated acreage covered by
saltcedar would be considerably lower than that represented by
the total acreage covered by 591,394 cells.) For saltcedar, the
average training evaluation value was 0.93 and the average test
evaluation value was 0.93 (Jarnevich et al., 2011), indicating
that the models were highly accurate. Using the same quarter
quad dataset we described above as an independent test dataset,
an evaluation value of 0.74 was calculated. Distance to water
was always the most important predictor, and contributed an av-
erage of 44.2% to the model predictions. Suitability increased as
distance to water decreased. Mean temperature of the warmest
quarter and precipitation of the wettest month followed, with
average contributions of 21.4% and 7.3% to the model predic-
tions, respectively. The relationship with the warmest quarter is
a logistic curve, where suitability is low at cooler temperatures,
increases quickly at intermediate temperatures, and is greatest
at high temperatures. Suitability is greatest with relatively lower
precipitation in the wettest month.

Russian olive had 603 training locations and 258 test lo-
cations. Jarnevich and Reynolds (2010) developed two mod-
els, one with a coarse scale distance to water layer and the
other with a fine scale one. The average values for the train-
ing and test evaluations were 0.94 and 0.91, respectively, for
the coarse model and 0.92 and 0.89, respectively, for the fine
model. Distance to water was the most important predictor in
the coarse model, with an average contribution of 33.1% to
the model. Habitat suitability decreased exponentially as dis-
tance to water increased. Suitability also tracked mean temper-
ature of the wettest quarter (15.5%), precipitation seasonality
(13.6%), and mean temperature of the warmest quarter (11.9%).
In the fine scale model, distance to water was only the fifth most
important predictor, indicating that Russian olive may be more
sensitive to other variables when small water bodies are taken
into account. Based on the coarse scale model (Figure 8b),
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FIG. 8. Model results for (a) saltcedar and (b) Russian olive where habitat has been classified as suitable or unsuitable based on the 10th percentile training
presence, meaning that the threshold to determine suitability correctly classifies 90% of the locations as suitable. A “suitable” location means that the grid cell
(approximately 1 km2) in which the species is being predicted probably has some suitable habitat within it, not that the entire grid cell may be suitable (color figure
available online).

601,920 1-km2 grid cells in the western U.S. contain suitable
habitat.

VII. CONCLUSIONS, DATA GAPS, AND FUTURE
RESEARCH NEEDS

Saltcedar and Russian olive have been in the United States
for over 100 years and are present in numerous locations. How-
ever, distribution maps based on simple presence-absence data

do not provide land managers with sufficient information to
plan saltcedar control and riparian restoration projects. A func-
tional assessment on a case-by-case basis is needed, in which
positive and negative effects of these species on riparian ecosys-
tems and hydrology are determined. This will require fine-scale,
regional stream inventories that consider abundance levels of
these species, niches within river reaches, and river charac-
teristics that influence their abundance, such as flow regime,
salinity, and degree of disturbance. The studies by Stromberg
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et al. (2007b) and Merritt and Poff (2010) can serve as guides
for developing a national-level inventory. At present, we do not
have an adequate estimate of what percent of western ripar-
ian zones is resistant to dominance by either of these species,
what percent is at risk and could benefit from intervention, and
what percent has been altered to the point that saltcedar or
Russian olive are likely to thrive even with intervention. How-
ever, we do have a better understanding of the constraints on
saltcedar and Russian olive abundance and how they interact
with native species compared to what we knew twenty years
ago.

Similarly, numerical models of saltcedar and Russian olive
[invasion] processes need to be improved. For both species,
models reflect general habitat suitability for presence of the
species, but not abundance. However, it is necessary to move on
from models of habitat suitability to ones reflecting abundance
and biomass to evaluate ecological and hydrological effects of
these species. More research is needed to determine how mod-
els perform with biased datasets like those generally available
for invasive species across large spatial extents. Most of these
data are compiled from disparate efforts, each with unique sam-
pling strategies. With presence-only data, we cannot differen-
tiate poorly sampled areas from areas where the taxa are truly
absent. Sampling incompleteness and uncertainty exacerbate the
issues related to assessing sampling bias. Resultant models thus
include unspecified uncertainty.

Problems also arise when algorithms treat the invasive
species as a superior competitor that displaces native species
from their established ecological niches, as this can result
in overestimating the potential spread of saltcedar (Morisette
et al., 2006) and perhaps Russian olive, potentially causing
needless concern among land managers and the public. Numer-
ous studies (reviewed in Glenn and Nagler, 2005; Stromberg
et al., 2009) support the view that saltcedar has spread on
western rivers primarily through a replacement process, where
stress-tolerant species have moved into expanded niches that
are no longer suitable for mesic, native, pioneer species.
Future modeling efforts should incorporate such ecological
findings.

Broad scale saltcedar removal could have profound effects on
the distribution of native and introduced species and the habitat
value of affected river systems (Hultine et al., 2010), depending
on the composition of vegetation that replaces saltcedar with
or without restoration actions (Shafroth et al., 2008). In recent
years, leaf-eating beetles in the genus Diorhabda have been
widely released in the western U.S. for the biological control
of Tamarix, and they have spread rapidly in some watersheds
(O’Meara et al., 2010). Chemical control methods have also
been applied on a large scale on some river systems (Hart et al.,
2005). The outcomes of control and restoration efforts will need
to be incorporated into future distribution maps.

Furthermore, climate change could alter the distribution and
abundance of saltcedar and Russian olive, via both direct ef-
fects on plants and indirect effects resulting from changes to

stream flow, biotic interactions and human activities. For exam-
ple, direct effects of warming could shift species distributions
northward and upstream (Parmesan, 2006). As discussed above,
the dynamics of riparian vegetation are closely tied to stream
flow and ground water regimes along rivers in the western U.S.,
both of which are already changing as a function of changing cli-
mate (Barnett et al., 2008). Differential effects of climate change
on native species versus saltcedar and Russian olive could alter
competitive interactions and relative abundances. Again, these
changes will need to be incorporated into future distribution
maps as well as habitat suitability models.

By analogy to the triage system used in emergency medicine,
we can postulate three broad classes of rivers where saltcedar
(and perhaps Russian olive) occur. Free-flowing, perennial rivers
typically have relatively low abundance of mature saltcedar be-
cause generally they do not compete well against mesic, native
vegetation on these rivers (for example, perennial non-flow reg-
ulated streams [Stromberg et al., 2007b; Merritt and Poff, 2010]
and headwater streams in Sonora, Mexico [Scott et al., 2009]).
For these rivers, it is logical to conclude that saltcedar control
is not needed unless complete eradication is the management
objective. However, preserving the hydrologic regime of these
rivers is important, as is preventing land use changes such as
grazing, which can contribute to deterioration of the riparian
zone and encourage the encroachment of saltcedar and Russian
olive (Patten, 1998).

At the other end of the spectrum are highly regulated rivers
where saltcedar and Russian olive have become dominant. These
rivers have saline soils and aquifers that no longer provide niches
for native species that are not drought and salinity tolerant (for
example, the Lower Colorado River at Cibola National Wildlife
Refuge; Nagler et al., 2009). Logically, removing saltcedar from
these rivers would not by itself improve the riparian zone. Simi-
larly, removing Russian olive from highly flow-regulated rivers
would not necessarily lead to the return of more desirable native
species that depend on a natural flow regime to establish new
cohorts, though far less is known about the dynamics of Russian
olive.

The intermediate situation is characteristic of many river
systems where the natural flow regime has been altered but
not eliminated. These rivers often support mixed ecosystems of
saltcedar, Russian olive, native cottonwood and willow trees,
and native understory species. These rivers are perhaps the
largest category in terms of acreage, yet we know the least
about the invasion ecology of saltcedar and Russian olive on
them.
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