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Abstract
Reduced abundance of non-native Tamarix shrubs in western U.S. riparian systems following biological control by a defoliating
beetle has led to concerns that replacement plant communities could be dominated by other invasive species and/or not provide
some of the ecosystem services that Tamarix was providing. In previous studies, Tamarix decline following biocontrol was
accompanied by small increases in native and non-native herbaceous species, with variable responses of woody vegetation.
However, none of these studies spanned periods longer than a decade since beetle release. This is an important caveat, given the
cyclical nature of plant-herbivore interactions and potential lags in vegetation recovery. We report plant community response to
an eight-year-long second cycle of Tamarix defoliation-refoliation in two reaches of the upper Colorado River in eastern Utah,
11–13 years after beetle arrival. Tamarix cover across sites initially declined an average of ca. 50% in response to the beetle, but
then recovered. Changes in the associated plant community were small but supported common management goals, including a
47% average increase in cover of a native shrub (Salix exigua), and no secondary invasions by other non-native plants. We
suggest that the effectiveness of biocontrol programs must be assessed case-by-case, and on a long-term basis.
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Introduction

Riparian ecosystems provide important ecological functions
and services to society, but these are jeopardized by human
activities such as hydrological regulation, overexploitation of
water resources, and floodplain occupation by agriculture,
and urbanization (González et al. 2017a). One of the

primary impacts of human activities in riparian zones has
been the spread of invasive plants (Richardson et al.
2007), and controlling plant invasions is a central focus of
riparian zone management worldwide (González et al.
2015). Along North American rivers, for example, managing
invasive shrubs and small trees in the genus Tamarix
(saltcedar, tamarisk) has been a priority of natural resources
managers for decades (Bowser 1957; Shafroth and Briggs
2008; Stromberg et al. 2009; Douglass et al. 2013).

The low cost-effectiveness of mechanical and chemical
Tamarix control methods, along with challenges applying
them in remote areas, as well as negative ecological effects,
has led to the development of a biological control program
using host-specific, folivore beetles in the genus Diorhabda
(DeLoach et al. 2003; Hultine et al. 2010; commonly referred
to as the “Tamarix beetle”). Beetle adults and larvae feed on
Tamarix leaves and petioles, causing repeated intra- and inter-
annual cycles of defoliation and refoliation that, in turn, can
cause the death of Tamarix plants through carbon starvation
(Hudgeons et al. 2007; Bean et al. 2013). During the early
2000s, Diorhabda beetles were released in multiple locations
across the southwestern U.S. Natural migration rates and ex-
tent soon exceeded expectations and, by 2017, the beetles had
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expanded across a region encompassing ca. two million km2

(RiversEdge West 2018), causing extensive defoliation, can-
opy dieback, and Tamarix mortality in many of the main wa-
tersheds of the region (e.g., Bateman et al. 2013; González
et al. 2017b; Nagler et al. 2018; González et al. 2020).

The long-term outcome of biological control on riparian
ecosystems dominated by Tamarix spp. is determined by
Tamarix dieback and mortality, as well as by the type and
functional attributes of the vegetation that occupies the space
vacated by declining Tamarix. The response of the riparian
community following dieback can include a range of possi-
bilities, such as recovery and/or reestablishment of Tamarix,
an increase in a variety of native and/or other non-native
species, and a lack of vegetation response (i.e., dead
Tamarix remains and other plants do not fill the space).
Replacement vegetation can strongly influence key ecosys-
tem functions and properties, such as provision of wildlife
habitat (including for the endangered willow flycatcher
(Paxton et al. 2011)), biodiversity, erosion control, nutrient
and water cycling, flammability, and ecosystem services such
as livestock use, recreation, and aesthetics enjoyment (e.g.,
Shafroth et al. 2008). Accordingly, understanding how ripar-
ian plant communities change with reduced Tamarix domi-
nance is important for a wide range of stakeholders.

An improved understanding of the long-term patterns and
drivers of plant community response in the face of Tamarix
decline is needed. Changes to riparian vegetation following
biocontrol-induced Tamarix decline thus far have been gener-
ally small and are not yet well-understood. Some research has
documented slight increases in diversity, richness, and cover
of native herbs, while recovery of a native woody vegetation
layer dominated by cottonwoods and willows has been
slower, patchy, and generally less certain (Kennard et al.
2016; González et al. 2017b, c; Sher et al. 2018; González
et al. 2020). Secondary invasions of non-native herbs and
forbs have occurred frequently, with considerable variability
in their persistence (Kennard et al. 2016; González et al.
2017b, c, 2020). However, none of the abovementioned stud-
ies spanned more than eight years of monitoring or included
observations beyond nine years since beetle arrival. It is pos-
sible that replacement vegetation needs more time to fully
develop. Moreover, each study showed that the response of
vegetation can have an important local component that should
be addressed on a case-by-case basis. With few studies
reporting the response of plant communities to biocontrol,
little is known about the environmental factors that determine
the replacement vegetation. For example, in a mostly unregu-
lated river (the lower Virgin, AZ and NV), González et al.
(2020) showed that fluvial processes (e.g., sediment erosion
and deposition) may play an important role in explaining spe-
cies composition following biocontrol. Variation in soil mois-
ture and flood regime along topographic gradients is frequent-
ly the primary factor shaping riparian plant communities

(Corenblit et al. 2009; McCoy-Sulentic et al. 2017; Janssen
et al. 2019). Thus, an improved understanding of the drivers of
plant community response and variation in the face of
Tamarix decline would be of great value.

In this study we assessed plant community responses to
Tamarix biocontrol in two reaches along the upper Colorado
River in eastern Utah where beetles were released in 2004 and
2006. Beetle populations subsequently consolidated and have
recurrently defoliated Tamarix (Nagler et al. 2018). To under-
stand the responses of the riparian plant community to
Tamarix dieback, we conducted five surveys between 2010
and 2017, during a second cycle of defoliation: in other words,
after a first inter-annual cycle of Tamarix defoliation and re-
growth was completed (Nagler et al. 2018). At the time of our
last survey (2017), beetles had been in the area for 11–
13 years, which is the longest time following beetle introduc-
tion yet reported in the literature. We hypothesized that
Tamarix cover would decrease over time as a result of repeat-
ed beetle defoliation, and that native species cover would in-
crease. We also expected that the plant communities replacing
the declining Tamarix would differ along a topographic gra-
dient from the uplands to the river water channel, as well as
between the two study reaches.

Methods

Study Area

The Colorado River flows 2330 km from La Poudre Pass in
the southern Rocky Mountains of Colorado to the Gulf of
California in northwestern Mexico. The study area was in-
cluded within a river segment located in the Colorado Plateau
ecoregion in eastern Utah that extends 208 river km (rkm)
from the Colorado/Utah border to the confluence with the
Green River (Fig. 1). The climate is semi-arid and, in nearby
Moab, UT, the mean daily temperature is 14 °C with a mean
annual precipitation of 241 mm, including 152 mm as snow
(U.S. Climate Data 2019). The main tributaries of the
Colorado River in this segment are the Dolores and the
Green rivers.

At the gauging station “Colorado River near Cisco” (USGS
gage #09180500), within the study segment, the drainage area
of the river is 62,419 km2 and the average annual daily dis-
charge is 171 m3 s−1 (1988–2017). Flow in the river is dom-
inantly derived from snowmelt. High flows historically occur
in spring, and the lowest flows occur in the late fall and early
winter (Rasmussen and Shafroth 2016). This segment of the
Colorado River has been heavily regulated since the second
half of the twentieth century, with numerous dams on the main
stem and tributaries, and water diversions upstream of the
study area (Rasmussen and Shafroth 2016; Bureau of
Reclamation 2019). As a result of flow regulation, peak flows
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are lower, and summer flows and sediment supply have sub-
stantially decreased, leading to channel narrowing and vege-
tation encroachment (Van Steeter and Pitlick 1998;
Rasmussen and Shafroth 2016). The largest flood events re-
corded at this gage were in July 1884 (instantaneous peak of
3540 m3 s−1), June 1917 (2175 m3 s−1), and May 1984
(1991 m3 s−1). The most recent large flood occurred in
June 2011 (1384 m3 s−1), the fourth largest peak since 1984,
the end of the main era of dam construction upstream (1947–
1984; Rasmussen and Shafroth 2016).

The riparian corridor is dominated by woody vegetation.
Xeric native shrubs in the genera Artemisia, Atriplex,
Sarcobatus and Chrysothamnus dominate the more elevated,
less frequently inundated landforms. The lower surfaces near
the water are mainly occupied by native coyote or sandbar
willow (Salix exigua Nutt.) and tamarisk (Tamarix spp.), with
native Fremont cottonwood (Populus fremontii S. Watson), de-
sert olive (Forestiera neomexicana Nutt. var. pubescens) and
skunkbush sumac (Rhus trilobata Nutt.) also being frequent.

Within the Colorado River segment, we selected two river
reaches for study: “Cisco Wash to Dry Gulch” (Cisco, here-
after) and “Gold Bar” (Rasmussen and Shafroth 2016; Fig. 1).
The Cisco reach begins 1.6 rkm upstream of the mouth of
Cisco Wash and extends upstream 10 rkm to the mouth of
Dry Gulch at rkm 171 (rkm 0 is the confluence with the
Green River). This reach flows through a valley that cuts
through geologic formations that are primarily siltstone, mud-
stone, and shale. The valley is shallow (60 to 110m deep), and
variable in width (370 to 760 m wide). The channel is straight
to moderately sinuous (average sinuosity 1.3) and average
river gradient is 0.057. Channels are relatively dynamic, with
secondary channels present.

The Gold Bar reach begins at rkm 78 and extends for 20
rkm upstream to the downstream end of the Matheson
Wetlands Preserve near the town of Moab (UT) at rkm 98.
The reach consists of two large meander bends with an aver-
age sinuosity of 2.4. The river flows through a sandstone-
walled canyon that is from 120 to 245 m deep and 760 to
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1070mwide. The average gradient along this reach is approx-
imately 0.028.

Active removal of Tamarix mechanically and by pre-
scribed fires is frequent in the study region (Gonzalez
et al. 2017b, c). Our study sites, however, had not been
subjected to any treatment at the beginning of the study
(see below for more details). Disturbance by natural fires
and floods occurs occasionally. The northern tamarisk bee-
tle (Diorhabda carinulata) was released at eight locations
in the study segment, between 2004 and 2006 (Henry et al.
2018). By 2006, defoliation effects were already noticeable
(Nagler et al. 2018).

Within these two reaches we obtained permission from
landowners to sample 10 study sites: two in Cisco and
eight in Gold Bar (Fig. 1). A study site represented the
depositional low surfaces and adjacent floodplains and ter-
races along the concave half of the meander wavelength in
meander bends, or the vegetated surfaces along cut banks
in more straight river sections (between meanders). A
study site had a relatively homogeneous genesis, spanned
from tens to hundreds of meters longitudinally, and could
include a variety of fluvial landforms (e.g., point bars, riv-
erbanks, levees, floodplains, secondary channels, and ter-
races) laterally, across the river valley.

Field Surveys

In the fall of 2010, at each study site we established from one
to 10 transects; this number varied with the size, shape and
vegetative and geomorphological heterogeneity of the site, for
a total of 60 transects (20 in Cisco, 40 in Gold Bar, Appendix
S1). Transects were oriented perpendicular to the main river
channel and extended from the transition between upland and
riparian vegetation to the river water’s edge (i.e., capturing the
riparian community), or to the river bank if sampling to the
edge could not be done safely. For the Gold Bar sites, the
transition occurred at Highway 279.

Along the transects, vegetation and ground cover constitu-
ents were sampled five times over eight years in the fall of
2010, 2012, 2013, 2015 and 2017. The vegetation along 12 of
the 40 transects in the Gold Bar reach was altered by Tamarix
removal efforts and therefore could not be sampled for the
entire study period (six of them were last sampled in 2012
and the remaining six in 2015), but all sites kept at least one
intact transect for the entire study period. Across each transect,
vegetation was sampled using the line-point intercept method
(Bonham 1989). All species intercepted on a vertical line (pin-
point hereafter) from ground-level to the canopy top were
identified and noted every 50 cm along the transect in the
Gold Bar reach for the 2010–2015 surveys, and every 1 m
in the Cisco reach and in the Gold Bar reach for the 2017
survey. Pinpoint spacing differed in order to achieve a consis-
tent number of total pinpoints per transect, which could

greatly differ in length (see below for more details). We did
not distinguish between the two most common Tamarix spe-
cies in the U.S., T. ramosissima and T. chinensis, and their
hybrids (Gaskin 2013), and treated them as a group: Tamarix
spp. For the top canopy (>3 m height), the presence of dead
material was also recorded by species.

Our study was sensitive to permanent reductions of cover
due to canopy dieback or mortality across years but not nec-
essarily to beetle defoliation within years. Refoliation of
Tamarix plants occurs during the same growing season of
defoliation but, after repeated defoliation events, less re-
sources are available for regrowth, potentially causing perma-
nent dieback (i.e., branch dieback) or mortality (Nagler et al.
2014, 2018). We did not quantify beetle presence, abundance
or activity. We assumed that most Tamarix dieback was
caused by beetle defoliation; and observed that the effects of
other factors on dieback, such as drought stress, self-thinning,
or competition, were minor. We will use the term “cycle” to
refer to the inter-annual dynamics of defoliation and
refoliation. Intra-annual defoliation-refoliation patterns were
not the object of study.

The presence of the following ground cover constituents
was also registered at the pinpoint level: bare ground, bedrock,
small rock (<2 cm), large rock (>2 cm), cyanobacteria and
lichens, moss, plant base, coarse litter (>0.75 cm diameter),
and fine litter (<0.75 cm diameter). Only one ground cover
category was registered at each pinpoint.

We conducted a high-resolution topographic survey [real
time kinematic (RTK) global positioning system (GPS)] along
the transects in the fall of 2011 (November). Point measure-
ments were recorded at major topographic breaks and water’s
edge locations. Estimated vertical accuracy was ±5 cm. All
measurements were referenced to the elevation of the water’s
edge at each transect (i.e., water’s edge = 0 cm of elevation).
Then, the elevation above the water level of each pinpoint was
calculated by linearly extrapolating the elevation of the closest
twomeasured topographic breaks. A typical site had a transect
length of 48 m, vertical topographic variation of 5.2 m (dif-
ference between highest pinpoint and water’s edge) and a
16.3% lateral slope, but the ranges of transect length (22–
99 m), topographic variation (3.9–6.5 m), and lateral slope
(6.5–31.8%) were wide (Appendix S1). The topographic sur-
vey was conducted after the June 2011 flood, which may have
partially flooded the study sites and caused some sediment
erosion and deposition. No other large floods occurred during
the study period that could have altered the topography of the
study sites.

Data Processing and Analysis

We first explored the effect of biocontrol on the plant com-
munity along the topographic gradient. For this goal, a vege-
tation matrix was created with observations (i.e., pinpoints
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across transects surveyed in a given year, 12 transects in Gold
Bar with incomplete data series included) as rows and
presence/absence of living species, or higher taxa when spe-
cies identification was not possible, as columns. For this anal-
ysis, we discarded rare species, with less than 1% frequency of
occurrence, which have a disproportionately high influence on
chi-square (X2) distance-based models (Checon and Amaral
2016). The resulting vegetation matrix of dimension 20,047
(rows) × 53 (columns) was subject to a canonical correspon-
dence analysis (CCA), a constrained ordination method that
preserves the X2 distance and is the most adequate for species
presence/absence data (Ter Braak 1986; Legendre and
Legendre 2012). The constraining variables were elevation
above river water level and distance to the water’s edge of
the main channel, both obtained through the high-resolution
topographic survey, and year of survey (presumably reflecting
biocontrol effects over time). The three variables were scaled
prior to analyses.

As the CCA revealed that only an extremely small percent-
age of variability in the plant community was explained by the
topographic gradient, and that this relationship was essentially
not affected by change over time (see Results section), we cal-
culated a frequency of occurrence for each species (including
rare species) at each transect with the following formula: (num-
ber of counts along the transect divided by the total number of
pinpoints along the transect) * 100. We then created a new
vegetation matrix with 50 rows (10 sites x five surveys) and
the mean frequency of occurrence (%, transects with incomplete
data series excluded from calculations) of 119 living species
(includes rare species), or higher taxa when species identifica-
tion was not possible, at each site and year, calculated from
transect-level data, as columns. This matrix was Hellinger-
transformed (Legendre and Gallagher 2001) and then subjected
to a Principal Component Analysis (PCA, Legendre and
Legendre 2012) to summarize the plant community of the 10
study sites into fewer ecological gradients illustrated by themain
principal components. Analyses based on a Hellinger distance
are less sensitive to the effect of rare species (Checon and
Amaral 2016), and therefore we used all the taxa in this analysis.

For each transect, site and year, we calculated the
Shannon’s diversity and the Pielou’s evenness index. For each
site and year, we calculated beta diversity among transects
(within-site beta diversity), with the following formula Σ
(Hellinger’s transformed distances of the n transects)2 /
(n*(n-1)). Using the same formula but replacing transect with
site, we also calculated beta diversity among sites for each
year (among-site beta diversity). The frequency of occurrence
of woody species (trees and shrubs) and herbs (including
herbs, forbs and graminoids) was calculated for native and
non-native species (obtained from the USDA Plants
Database, USDA-NRCS 2017).

Change over time of the entire plant community was ex-
plored with analysis of similarity (ANOSIM) from year to year,

with Euclidean distance on the Hellinger-transformed data,
and, for each of the main principal components (PCs) of the
PCA, with Wilcoxon signed-rank tests for paired samples on
the site scores of the PCs of interest. To assess change over time
for the rest of the vegetation metrics (e.g., Shannon diversity,
Pielou evenness, frequency of occurrence of species and groups
of species), we also used mixed effect models with transect
nested within site as random effects and year of survey as a
fixed factor. The significance of all mixed models was checked
using a likelihood ratio test, a comparison of full model with
fixed factors and random effects and null model with random
effects only (Pinheiro and Bates 2000; Bolker et al. 2009).

All analyses were done in RStudio v. 1.1.463 (RStudio
Team 2016). The functions cca, decostand, rda, and anosim
of package vegan (Oksanen et al. 2019) were used to run the
CCA, Hellinger transformation, PCA and the ANOSIM, re-
spectively. Wilcoxon tests were run with the function
“wilcox.test” of package “stats” (R Development Core Team
2019). Mixed models were performed using the function
“lmer” of the “lme4” package (Bates et al. 2015).

Results

Tamarix

Across the entire study area, Tamarix spp. cover decreased
sharply from 2010 to 2013 (ca. -50% from baseline on average
for the 10 sites; black bars in Fig. 2 and light red bars in Fig. 3),
then increased between 2013 and 2017 to cover levels similar
to 2010 (+10% from baseline; but the mixed model with tran-
sect nested within site as random, year as fixed, was not signif-
icant; likelihood ratio test P = 0.1492). Variability in Tamarix
spp. cover across sites was large (see standard error bars in Fig.
2). During the study period (2010–2017), changes in Tamarix
cover also varied considerably among sites, with some sites
increasing in cover, while others decreased (interquartile range
of change in Tamarix cover was 60%). The dead cover of
Tamarix also fluctuated widely over time but did not track
the changes in the live canopy and had no pattern we could
discern (white bars in Fig. 2 and dark red bars in Fig. 3).

Composition of Plant Communities

We identified a total of 93 species and 26 higher taxa in the
study area (Appendix S2). The most abundant species and
higher taxa were Tamarix spp. (found in 29.1% of the
20,047 observations), Salix exigua s.l. (19.0%), Forestiera
neomexicana (10.0%), Bromus spp. (9.2%), and Rhus
trilobata (5.9%). Woody species dominated over herbs in
terms of total abundance. Most non-native species were herbs
(Fig. 3); with the exception of Tamarix, the occurrence of non-
native woody species was very low.
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occurrence of the 15 most
abundant taxa in the 10 study sites
along the Upper Colorado River
in eastern Utah, USA over the
study period (2010–2017). Error
bars are ±1 SE of the mean. The
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taxa at each site was obtained
from the mean of n (from one to
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The CCA model incorporating elevation above river
water, distance to water’s edge, and year of survey ex-
plained only 1.49% of the variability of the plant commu-
nity at the pinpoint level, including the 53 species and
higher taxa with a total frequency of >1% (d.f. = 3, X2 =
0.540, F = 75.159, P = 0.001). Only the first gradient of the
CCA had a meaningful ecological interpretation. It ex-
plained 0.85% of the variation and separated pinpoints at
lower elevation that were closer to the river (positive) from
those at higher elevation that were further from the river
(negative end of axis). Species typically associated with
wetter soils, such as the forbs Carex spp. and Xanthium
strumarium and the graminoid macrophyte Typha latifolia
had the most positive scores (1.84, 1.71 and 1.49, respec-
tively). Species with no particular preference for wet soils,
such as the graminoid Eremopyrum triticeum and the sub-
shrubs Suaeda moquinii and Atriplex confertifolia, were
the most negatively loaded (−2.79, −1.79, −1.68, respec-
tively). Year of survey was irrelevant in this first axis
(CCA1), with a constrained variable score of −0.02 (com-
pared to the −0.45 and − 0.41 for elevation and distance),
and in general in the ordination, with a score of 0.06 in
CCA2 (which explained 0.47% of total variability, scores
of −0.23 and 0.27 for elevation and distance), and 0.25 in
CCA3, which only explained 0.17% of total variability.

The initial decrease in Tamarix from 2010 to 2013 was
accompanied by a small increase in Shannon and within-
site beta diversity. Thereafter, both metrics decreased fol-
lowing Tamarix 2013–2017 recovery. Shannon diversity
finished lower than in 2010 (mixed model with transect
nested within site as random, year as fixed, likelihood ratio
test; P = 0.013), and within-site beta diversity finished at

similar levels (mixed models likelihood ratio test; P =
0.586; Fig. 4). Pielou evenness and among-site beta diver-
sity were very stable over time and barely changed (mixed
model P > 0.05 for Pielou evenness; no errors and no
mixed models as only one value per year was obtained
for among-site beta diversity; Fig. 4).

Differences in plant community composition among sites
(species abundance, transect level) reflected differences be-
tween the two river reaches under study and were mainly
driven by woody species. The first axis of the Hellinger-
based PCA separated Gold Bar (positive end) fromCisco sites
(negative end) and explained 27% of the total variability. Gold
Bar had more Tamarix, Salix exigua and Forestiera
neomexicana (means = 41.0, 24.4, and 14.1) than Cisco
(means = 13.6, 8.3, and 7.1) (PC1, Fig. 5). Cisco had more
Rhus trilobata, Populus fremontii, and Sarcobatus
vermiculatus (means = 20.1, 5.2, and 4.9) compared to Gold
Bar, where these species were almost absent (means = 0.1,
0.3, and 1.1) (PC1, Fig. 5). Cisco also had a more abundant
and diverse understory, but was dominated by non-native
herbs, mainly Bromus spp. (mean = 14.5 vs. 5.6 in Gold
Bar) and Centaurea repens (mean = 8.4 vs. 0.7 in Gold Bar)
(negative end PC1, Fig. 5). The second axis (16% of total
variability) reflected differences among sites within each river
reach and were mainly driven by sites with a higher presence
of either Salix exigua (positive end PC2, Fig. 5) or Forestiera
neomexicana (negative end PC2, Fig. 5).

Plant composition in the ten sites changed very little
over time. Not only did differences between sites outweigh
differences among survey years along the main gradients
of ecological variability (overall short trajectories along
PC1 and PC2 while sites were spread out over the
bidimensional space, Fig. 5), but the entire plant composi-
tion only changed significantly, and marginally, from 2010
to 2012 according to ANOSIM analyses, with an extremely
low ANOSIM value (1 = total dissimilarity, 0 = total simi-
larity) (Table 1). A pattern of change of site scores across
sites over time was not detected for PC1 (Wilcoxon tests
for the 10 sites between 2010 and 2017, P = 0.285), but site
scores increased along PC2 (Wilcoxon test, P = 0.022).
The only remarkable changes over time across all sites
were: the defoliation-refoliation cycle of Tamarix reported
above, a 47% increase in Salix exigua, and a fluctuating
cover of herbs. Herbs showed a marked drop from 2010 to
2012, with non-natives (−61%) dropping substantially
more than native (−33%) species (Figs. 2 and 3).

Ground cover was mainly dominated by fine litter, with
more than 50% cover in all years (Fig. 6), followed by
coarse litter and bare ground. The presence of other catego-
ries was negligible, with less than 4% cover in all years.
Fine litter increased over time, while coarse litter and bare
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Non-native woody

Native herbs

Native woody

Tamarix dead
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Fig. 3 Total cover of different vegetation life forms and dominant woody
species obtained from averaging the sum of frequency of occurrence of
individual species by transect in the 10 study sites over the study period
(2010–2017). Study sites were along the Upper Colorado River in eastern
Utah, USA. The 12 transects disturbed by Tamarix removal efforts
(Appendix S1) were not included in calculations. The frequency of
occurrence of all categories of plants at a transect could be >100% as
more than one species could be present at a given point (e.g., understory
and overstory species) and the frequency is calculated as the sum of
frequencies of occurrence of individual species
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ground decreased (mixed models, P < 0.05). Coarse litter
peaked in 2013, when fine litter reached its lowest cover.
Fine litter was positively correlated with Tamarix cover

(Pearson’s correlation coefficient = 0.166, P = 0.001).
Most fine litter was comprised of Tamarix leaves (field
observations).

Salix exigua

Tamarix spp.

Forestiera neomexicana

Rhus trilobata

Bromus spp.

Centaurea repens

Populus fremontii

Sarcobatus vermiculatus

Chrysothamnus nauseosus

Distichlis spicata

PC1 (29%)

PC
2
(1
7%

)

PC1 (29%)

PC
2
(1
7%

)

Fig. 5 Differences in plant community composition among 10 study sites
along the Upper Colorado River in eastern Utah, USA. (left) Species
scores (scaling = 2) along the two first principal components of a
Principal Component Analysis (PCA) with the Hellinger-transformed
plant community recorded in 10 study sites monitored from 2010 to

2017, only the species with the highest loadings are labeled; (right) tem-
poral trajectories of the 10 study sites as given by site scores (scaling = 2).
The position of the letters indicates the end of the trajectories. See Fig. 1
for location of the 10 sites; A-B were in the Cisco reach, C-J in the Gold
Bar reach

Fig. 4 Diversity and evenness of plant communities in 10 study sites
along the Upper Colorado River in eastern Utah, USA. (top left) Mean
(± 1 SE of the mean of 10 sites) Shannon diversity, (bottom left) Pielou
evenness, (top right) within- and (bottom right) among-site beta diversity
(see Methods for definition) in the 10 study sites over the study period
(2010–2017). The mean Shannon diversity and Pielou evenness at each

site were obtained from the mean of n transects, with errors not shown.
Among-site beta diversity has no errors as only one value is obtained per
year. n for each site = number of transects – number of transects disturbed
by Tamarix removal efforts (Appendix S1). The total number of transects
used was 48 as the 12 transects disturbed by Tamarix removal efforts
were excluded from calculations
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Discussion

Changes in Tamarix Cover Reflect a Second Inter-
annual Cycle of Defoliation-Refoliation Typical of
Plant-Herbivore Interactions

Our results did not support our hypothesis that the cover of
non-native Tamarix spp. in the upper Colorado River in east-
ern Utah would decrease over time. Instead the data reflected a
second inter-annual cycle of defoliation-refoliation. Overall,
Tamarix cover first decreased but then rebounded to remain
stable across the study period (+10% on average across sites,
but this difference was not significant). We began to monitor
our sites from four to six years after the arrival of the biocon-
trol tamarisk beetles in the study area, and therefore missed the
first years of defoliation that usually cause the most damage.
However, our results were consistent with Nagler et al. (2018)
who used a remote sensing time-series from 2004 to 2016
along the Colorado River at the Matheson Wetland Preserve
(within our broader study segment and adjacent to our Gold
Bar reach), to show that MODIS Enhanced Vegetation Index
(EVI), a proxy of vegetation greenness that can capture defo-
liation, displayed a substantial decrease in riparian vegetation
of ca. 30% from 2004 to 2008 (reaching a lowest value in the
series). This was followed by a recovery to 2010 levels and
then a second cycle of defoliation (until 2013) and recovery
(until 2016, when 90% of the pre-beetle EVI values were
reached; Fig. 2A in Nagler et al. 2018).

Other studies have found a similar pattern of initial dieback
followed by a partial recovery and a new, second defoliation
cycle. For example, in a study conducted along the Colorado
River and main tributaries in western Colorado (upstream
from the Cisco reach), Kennard et al. (2016) reported a sharp
decrease in Tamarix canopy area and crown volume of ca.
60% during the first two years of their survey (starting from
1 to 3 years since beetle arrival), followed by a small recovery
and a progressive decline towards a ca. 70% reduction from
the initial values at the end of their survey (seven to nine years
since beetle arrival). This cyclical pattern is typical of plant-
herbivore interactions, where the population of the former is
reciprocally affected by the latter (e.g., Buckley et al. 2005
also in a biocontrol context), and underscores the need to
monitor the effects of biocontrol on a long-term basis.
Previous studies with fewer years of observations described
net decreases in Tamarix abundance, often up to at least ca.
50% (Appendix S3), but it is possible that some of these were
only capturing the defoliating phase of the inter-annual cycle
and therefore overestimating the effects of biocontrol on
Tamarix dieback. Cycles of coupled increasing and decreas-
ing populations also have been reported for other types of
biocontrol, such as predator-prey relationships (Ong and
Vandermeer 2015).

High Variability in Tamarix Response to Biocontrol
Among Study Sites Suggests that Biocontrol
Effectiveness is Site-Specific

The high variability in change in Tamarix cover from 2010 to
2017 between our study sites is also consistent with previous
studies that have reported a very patchy nature of defoliation
(Henry et al. 2018; Nagler et al. 2018; González et al. 2020).
Biocontrol has many potential drivers, from environmental
conditions (Hultine et al. 2015) to beetle dispersal and colo-
nisation (Bean et al. 2013; Nagler et al. 2014; Jamison et al.
2015; Nagler et al. 2018), and population genetics of both
beetles and plants (Bean et al. 2013; Hultine and Dudley
2013; Hultine et al. 2015; Williams et al. 2014; Long et al.
2017). Moreover, these drivers operate at multiple spatial and
temporal scales (Henry et al. 2018). We could not discern the
causes of the extremely high spatial variability we observed in
Tamarix dieback, and future work determining the mecha-
nisms and ecosystem attributes that determine dieback and
recovery in the context of Tamarix biocontrol would be of
great value.

Riparian Plant Composition Changed Little During a
Second Inter-annual Cycle of Defoliation-Refoliation

As expected, differences in plant composition between the
two study river reaches were found, but the results did not
support the hypothesis of increasing native species cover

Table 1 Analysis of similarities (ANOSIM) statistic reflecting dissim-
ilarity of the entire plant community (Hellinger transformed) between
survey years, with Euclidean distance. 0 –maximum similarity, 1 –max-
imum dissimilarity. · = 0.1 > P > 0.05. Statistically significant values are
shown in bold text

Transition ANOSIM coefficient P value

2010 to 2012 0.08978 P = 0.0721·

2012 to 2013 0.04022 P = 0.1999

2013 to 2015 0.00778 P = 0.4883

2015 to 2017 0.01378 P = 0.5206
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Fig. 6 Mean (± 1 SE) frequency of occurrence of ground cover
constituents in the 10 study sites over the study period (2010–2017)
along the Upper Colorado River in eastern Utah, USA
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overall. Only small changes to riparian plant composition fol-
lowing a second cycle of Tamarix defoliation and recovery
occurred. Salix exigua was the only species that notably in-
creased in abundance over time, and dominated or co-
dominated with Tamarix, reaching a cover of >20% on aver-
age. Salix exigua is a native shrub with a great clonal growth
capacity (Douhovnikoff et al. 2005; Rood et al. 2011), which
could have helped it to quickly occupy the space opened by
declining Tamarix. Sher et al. (2018) found that increases of
S. exigua cover were correlated with decreases of Tamarix
cover in a tributary of the Colorado River whose confluence
is immediately downstream from the Cisco reach (the Dolores
River), but we did not find any clear correlation between
change in Tamarix spp. and Salix exigua cover in our study
sites (data not shown). Another native shrub that spreads by
rhizomes, Pluchea sericea (arrowweed), absent in our study
area, greatly increased in cover after Tamarix dieback in the
lower Virgin River (Arizona and Nevada) (González et al.
2020). It is possible that functional differences determine the
rate at which different species fill ephemeral openings left by
reductions in Tamarix cover. For example, adjacent clonal
plants (e.g., S. exigua) may colonize bare soil more quickly
than plants that depend on seed. However, there were other
clonal species that, despite being relatively abundant, did not
increase in our study area following defoliation (e.g.,
Centaurea repens, Forestiera neomexicana). It is possible that
the observed increase in S. exigua was due to factors other
than Tamarix dynamics, which warrants further research. It is
well known, for example, that population dynamics of
S. exigua are intimately connected to the flood regime.
Reduced flood disturbance as a result of flow regulation
may favor clonal growth (Douhovnikoff et al. 2005), but
S. exigua seed colonization and clonal expansion also occurs
following sediment deposition during floods (Rood et al.
2011). The large flood of 2011 in the study area did not have
a clear effect on S. exigua abundance (small difference in
S. exigua frequency of occurrence between 2010 and 2012,
Fig. 2). Regardless of life history strategies, if more vegetation
had occupied the space vacated by defoliated Tamarix, its
rebound might have been weaker.

The cover of native understory plants was low and rather
stable over time and therefore our results do not support the
small recovery of native understory observed in previous
work (González et al. 2017b; Sher et al. 2018). We cannot
exclude the possibility that some recovery may have occurred
during the first cycle of defoliation (2004/2006–2009), prior
to our sampling. Regardless, the cover of native herbs follow-
ing defoliation, despite being low, was not much lower than in
other rivers where Tamarix decline has been sharper (e.g.,
lower Virgin River, González et al. 2020). It is notable that,
while non-native herbs dominated the understory, especially
in the Cisco sites, we did not detect a peak following the
Tamarix 2010–2013 decline. Other studies reported a peak

in non-native herbs and forbs following a first (González
et al. 2020) and a second (Kennard et al. 2016) cycle of defo-
liation.While it is possible that wemissed an initial increase in
cover of non-native herbaceous species during the first years
of defoliation, our results may support González et al.’s
(2017c) conclusion that secondary invasions of non-native
herbs and forbs are idiosyncratic (species- and site-dependent)
and can be persistent, as they were more abundant than native
herbs, and had a stable cover over time. Nevertheless, in our
study sites they had relatively low abundance compared to
other rivers (González et al. 2017b, c) and were not increasing.
It is also possible that Tamarix recovery was too fast (or the
second cycle of defoliation-refoliation too short) for the ac-
companying vegetation to respond. For example, seed germi-
nation may require some set of climate conditions that do not
occur regularly or often. Finally, the observed increase in fine
litter at the end of the monitoring period, relative to baseline
levels, could have affected germination and growth of under-
story species by changing nutrients, organic matter and salts in
soils (Sherry et al. 2016).

A Small But Clear Effect of the Topographic Gradient
in Structuring Plant Communities was Detected but
was Not Affected by Defoliation-Induced Changes in
Tamarix Cover

Exploration of the plant community composition conducted at
the pinpoint level showed that, contrary to one of our initial
hypotheses, the response of vegetation to biocontrol did not
differ greatly along the topographic gradient (elevation and
distance from water’s edge). First, the role of the topographic
gradient and underlying flood regime in driving plant commu-
nities was not affected by biocontrol, as the main ecological
gradient primarily represented by a wet-to-dry transition was
not affected by change in Tamarix cover over time (i.e.,
Tamarix presence/absence and year was not relevant in the
CCA). Second, the proportion of variability in the plant com-
munity explained by the topographic gradient (associated with
CCA1) was extremely low (<1%), which was unexpected
given that the transects occupied several fluvial landforms
across the river valley width. This could result from landforms
other than floodplains being under-represented and thus our
sites were less geomorphologically heterogeneous than antic-
ipated. Moreover, the sites do not flood regularly and there-
fore may be subject to a relatively homogeneous flood regime.

Despite the extremely low proportion of variability ex-
plained, the first gradient of variability in the entire plant com-
munity (CCA1) reflected a wet-to-dry transition, with plants
associated with wetter soils occupying lower elevation loca-
tions presumably with greater access to river water, and more
exposure to flooding (closer to the main channel). This under-
scores the role of the flood regime in structuring plant com-
munities in riparian zones (Stromberg et al. 1993; Cordes et al.
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1997; Stromberg et al. 2005; Stromberg and Merritt 2015;
Tabacchi et al. 2019). Additional possible evidence of
(small) effects of the flood regime on plant community com-
position is that both native and non-native understory cover
had their largest fluctuation, a decline, from 2010 to 2012. The
largest flood that occurred in the study area during the moni-
toring period was in June 2011 and could have scoured and
buried some of that vegetation. We believe, however, that the
impact of the 2011 flood on channel morphology was small,
as the composition of the entire plant community barely
changed between 2010 and 2012 (ANOSIM, Table 1), and
large topographic changes were not obvious during our field
campaigns. No other floods occurred during the rest of the
study period 2012–2017, and understory vegetation, not sur-
prisingly, changed little.

Conclusions

As a result of a second cycle of Tamarix defoliation and re-
covery, contrary to our initial hypotheses, Tamarix cover did
not decrease, native cover did not increase, and the role of the
topographic gradient and underlying flood regime in driving
plant communities was not affected by the impacts of biocon-
trol. We observed, however, great variability in change of
Tamarix cover between and within two river reaches and
across ten study sites of the upper Colorado River. We also
reported remarkable differences in the composition of plant
communities between reaches and across sites, but in this
case, they changed little over time and, in general, remained
stable from the beginning to the end of the study. Ours is the
first study, to our knowledge, that reports the response of
Tamarix and the entire plant community to biocontrol defoli-
ation more than a decade after the arrival of the beetle
(Appendix S3).

In a context of uncertainty about the response of vege-
tation to Tamarix biocontrol and concern about a loss of
ecosystem functions and services of riparian systems in
southwestern U.S. rivers, we demonstrate that episodic de-
foliation events are not necessarily always followed by
long-term Tamarix dieback at a river segment level, and
that changes in the associated plant community may be
small. We suggest that the effectiveness of biocontrol
programmes and the need for compensatory restoration
measures (e.g., active introduction of native vegetation)
must be assessed case by case, and on a long-term basis.
For this, more research on the environmental factors that
determine the composition of riparian plant communities in
a new scenario with the Tamarix beetle being present is
needed. It is likely, however, that the effects of Tamarix
biocontrol on riparian plant communities will not fully un-
fold until a few more decades have passed.
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