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Abstract Plant community responses to biocontrol
of invasive plants are understudied, despite the strong
influence of the composition of replacement vegeta-
tion on ecosystem functions and services. We studied
the vegetation response to a folivore beetle (Dior-
habda genus, Coleoptera) that has been introduced
along southwestern US river valleys to control the
invasion of non-native shrubs in the genus Tamarix
(Tamaricaceae). We collected detailed plant compo-
sitional and environmental data during four different
surveys over 7 years (2010-2017), including two
surveys prior to when substantial beetle-induced
dieback occurred in summer 2012, along the lower
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Virgin River, Nevada. The study river was of special
interest because it is one of only a few largely
unregulated rivers in the region, and a large flood of
40-year return period occurred between the first and
second surveys, allowing us to study the combined
effects of fluvial processes, which typically drive
riparian plant community assembly, and biocontrol.
Vegetation trajectories differed as a function of the
dominant geomorphological process. Tamarix cover
declined an average of 75% and was replaced by the
native shrub Pluchea sericea as the new dominant
species in the floodplain, especially where sediment
deposition predominated. Following deposition, and
especially erosion, opportunistic native herbs, Ta-
marix seedlings, and noxious weeds colonized the
understory layer but did not increase in cover over
time. Stands of the native shrub Salix exigua, a
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desirable replacement species following Tamarix
control, only increased slightly and remained subor-
dinate in the floodplain. Overall, our results showed
that, by successfully controlling the target non-native
plant, a biocontrol agent can substantially modify the
replacement plant communities in a riparian system,
but that fluvial processes also strongly influence the
resulting communities.

Keywords Arrowweed - Biological control -
Defoliating beetle - Large flood - Saltcedar -
Tamarisk - Vegetation response

Introduction

Biological control (hereafter biocontrol) of invasive
plants can serve as an alternative to more expensive
and sometimes environmentally undesirable mechan-
ical and chemical control methods, especially in
sensitive habitats and at large scales where traditional
methods may be impractical to apply (Culliney 2005).
Despite a long history of biocontrol use and scientific
study (Schwarzlidnder et al. 2018), the broader influ-
ence on plant communities remains generally
unknown (Clewley et al. 2012). In a meta-analysis
including 130 biocontrol agents and 39 non-native
plant species in Australia, Thomas and Reid (2007)
found only two studies that reported plant community
response to biocontrol. Understanding vegetation
trajectories after non-native plant control is particu-
larly important if the target alien is a “passenger”
rather than a “driver” of biodiversity change (Mac-
Dougall and Turkington 2005). When the alien is a
“passenger”, control will not necessarily result in
replacement by native, desirable vegetation, but
possibly by other undesirable vegetation communities
including new non-native plants (a.k.a. secondary
invasions, Pearson et al. 2016; Gonzalez et al. 2017a).
When the alien is a “driver”, recolonization by native
vegetation is more likely, but legacy effects that
hamper recovery may persist, especially in the short
term (Johnson 2013).

Riparian corridors are particularly prone to plant
invasions (Richardson et al. 2007) and therefore are
candidates for biocontrol. It is well known that
vegetation composition and dynamics in riparian
systems are mainly driven by the flow regime and
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fluvial processes which vary both among riverine
systems and longitudinally and laterally between
different fluvial landforms within the same river
system (Hughes 1997; Stromberg et al. 1993, 2005;
Stromberg and Merritt 2015). Thus, riparian plant
community responses to biocontrol are expected to be
conditioned by the dominant fluvial processes.

Tamarix L. (Tamaricaceae) and their hybrids have
extensively invaded riparian areas in western North
America since their introduction in the nineteenth
century and are now among the most frequently
occurring and abundant riparian plants in that region
(Nagler et al. 2011). The United States Department of
Agriculture (USDA) Animal and Plant Health Inspec-
tion Service (APHIS) put in place a biological control
program using folivore beetles in the genus Dior-
habda, which are native to Central Asia and feed
exclusively on Tamarix. Beetles were first released in
2001 at eight sites in the US States of California,
Colorado, Nevada, Utah, Texas, and Wyoming
(DeLoach et al. 2003) and, after several more releases
in other sites and natural migration, have since
permanently established in Tamarix-dominated ripar-
ian corridors in the US States of Arizona, California,
Colorado, Idaho, Kansas, Nevada, New Mexico,
Oklahoma, Oregon, Utah, Texas, and Wyoming, and
the Mexican states of Coahuila, Chihuahua, Sonora,
and Baja California Norte (RiversEdge West 2018).
The beetle is now almost ubiquitous along western
North American rivers, having expanded across a
region encompassing ca. two million km” (RiversEdge
West 2018). This has led to defoliation, canopy
dieback, and Tamarix mortality in many locations
(Hultine et al. 2015; Bean and Dudley 2018; Nagler
et al. 2018).

The success of Diorhabda in controlling Tamarix
lies in contrast to the general lack of understanding of
the plant communities likely to replace it. Replace-
ment plant communities determine key ecosystem
functions and properties such as provision of wildlife
habitat, preservation of biodiversity, erosion control,
nutrient and water cycling, flammability, and the
delivery of ecosystem services such as livestock use,
recreational experiences, and aesthetic enjoyment
(Shafroth et al. 2008). Of common interest in the
context of Tamarix control is whether the replacement
vegetation will provide suitable habitat for various
types of wildlife, including federally listed endangered
species such as the southwestern willow flycatcher
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(SWFL), which, facing a decline in natural cotton-
wood—willow habitats, now utilize tamarisk habitat
(Sogge et al. 2008; Hultine et al. 2010). The few
studies assessing vegetation response to Tamarix
biocontrol (after 4-9 years of defoliation) have
reported frequent secondary invasions of noxious
weeds, mainly non-native graminoids and forbs
(Kennard et al. 2016; Gonzalez et al. 2017a, b), and
only slight increases in native species diversity,
richness, and cover, mainly in the understory layer
(Gonzalez et al. 2017b; Sher et al. 2018). The recovery
of a native woody vegetation layer dominated by
cottonwoods and willows has been slower, site-
specific, and generally less certain. These studies are
limited to parts of the upper Colorado River basin in
eastern Utah and western Colorado (Kennard et al.
2016; Gonzalez et al. 2017a, b; Sher et al. 2018),
which limits their utility when inferring responses
elsewhere in the North American West.

Reports of vegetation response to biocontrol span a
range of hydrological conditions from ephemeral
canyon drainages to medium- and large-size regulated
rivers (Colorado R. and its tributaries, Green and
Dolores rivers), and from more or less frequently
flooded fluvial landforms. Kennard et al. (2016) and
Gonzalez et al. (2017b) found that readily measurable
hydro-geomorphological metrics such as river width,
distance to main channel, longitudinal slope and
sediment properties can partially explain the abundance
of certain plant groups such as noxious weeds, and
native and hydric species. However, they also observed
that the relationships between their hydro-geomorpho-
logical metrics and plant communities following defo-
liation were weak and suggested that the response of
vegetation may also have an important site-specific
component, which warrants further research on the
combined effects of hydro-geomorphological processes
and biocontrol on vegetation recovery.

Another limitation of published Tamarix-biocontrol
field studies is that none include monitoring data before
the beetle arrived, and thus lack pre-intervention
information that can be key to interpret beetle effects
(e.g., propagule availability, plant species pool, etc.).
Additionally, the early response of plant communities is
unknown, as vegetation monitoring did not begin until
at least the fourth year of beetle activity in previous
studies (Kennard et al. 2016; Gonzalez et al. 2017a, b).
With the bulk of defoliation generally occurring during
the first few years following beetle arrival (Pattison

et al. 2011; Nagler et al. 2018), this shortcoming limits
our ecological interpretation of vegetation response.

The goal of this study was to expand our knowledge
of the vegetation response to biocontrol of Tamarix.
Specific objectives were to assess plant community
responses to biocontrol in the context of site-specific
edaphic, and geomorphological drivers of change
along the lower sections of the Virgin River of SE
Nevada and NW Arizona, USA. The Virgin River
provides an opportunity to explore how different
fluvial processes associated with a large flood (40-year
return interval) set the stage for different vegetation
responses to Tamarix biocontrol. This article builds
upon the observations of Gonzalez et al. (2019), which
reported the short-term geomorphological and vege-
tation responses to this flood event. The outcome of
the study was intended to help inform regional
management priorities, such as planning and imple-
menting riparian restoration actions to influence
wildlife habitat quality (e.g., for SWFL).

Methods
Study area

The Virgin River flows through a watershed of
approximately 35,000 km? from the mountains of
southern Utah, US (1147 m a.s.l.), into the eastern
Mojave Desert in Arizona and Nevada, to its conflu-
ence with the Colorado River at Lake Mead reservoir
(366 m a.s.l.). The 250 river-km-long river is charac-
terized by a single-thread channel in bedrock-con-
strained canyons and a compound channel in wider
alluvial valleys (Graf 1988) (Fig. 1). The flow regime
of the Virgin River is largely unregulated due to the
absence of any on-channel water-storage dams and
reservoirs, though there are several small-scale irri-
gation diversions operated seasonally in the upper and
lower reaches, and several small reservoirs on major
tributaries, that primarily affect baseflows but not the
river’s flood hydrology (Enzel et al. 1994; Beck and
Wilson 2006). Moderate to large floods of short
duration (few hours to days) occur in the winter after
rainstorms and snowmelt, and in the summer and fall
following monsoon thunderstorms.

This study took place along 62 river-km in the
lower segment of the Virgin River (Fig. 1). The lower
Virgin is a broad alluvial valley that begins
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Fig. 1 Location of the five study river reaches and field
transects in the Lower Virgin River (Nevada, SW USA). The
star represents the city of Mesquite, NV. The UTM coordinates
of the transects and their absolute elevation above sea level are

downstream from the Virgin River gorge and is
extensively dominated by Tamarix. In Mesquite
(Nevada), the mean annual precipitation is 230 mm
and the temperature is 20.4 °C (monthly maximum in
July 42.1 °C, minimum in December 0.7 °C, US
Climate Data 2020). Using the rkm = O reference at
the confluence of the Colorado and Virgin rivers,
approximately in the middle of Lake Mead (36.145 N,
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available online (see Data Accessibility). Note that the lowest
elevation of any of our transects (Lake Mead transect 3,
364.75 m) has not been reached by the lake since January
2001 (US Bureau of Reclamation 2020)

114.413 W), we selected five river reaches starting
near the Arizona-Nevada border at river-kilometer
(rkm) 119 and ending approximately 15 rkm upstream
from the confluence with the Muddy River. The
reaches were Littlefield (rkm 119-103), Mesquite
(rtkm 103-97), Gold Butte (rkm 84-67), Mormon
Mesa (rkm 67-62), and Lake Mead (rkm 62-57). Only
the Lake Mead reach was affected by the lake
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backwaters in the past (but not later than 2001, US
Bureau of Reclamation 2020). Each reach had dis-
tinctive hydrogeomorphological and vegetation char-
acteristics (Stillwater Sciences 2014). The biocontrol
beetle first arrived near the upstream end of our study
area in the fall of 2009 (field observations), but their
defoliation effects did not result in substantial Tamarix
dieback until the summer of 2011 at our upstream sites
and summer of 2012 at our downstream sites (Bate-
man et al. 2013; Hultine et al. 2015; Nagler et al.
2018).

Streamflow is well-represented by a gaging station
located at the upstream end of our study segment
(USGS gage #09415000 — “Virgin River near Little-
field”; drainage area = 13,183 kmz). Average annual
discharge is 7 m’ s~ (period 1930-2017). The largest
floods recorded at the gage occurred in 1966, 1989,
2005 and 2010, ranging from 878 to 1727 m® s~'
(Fig. 2).

Along the Lower Virgin River, the predominant
native riparian tree and shrub species include Fremont
cottonwood (Populus fremontii S. Watson), Good-
ding’s willow (Salix gooddingii C.R. Ball), coyote or
sandbar willow (Salix exigua Nutt.), honey and
screwbean mesquite (Prosopis glandulosa Torr. and
Prosopis pubescens Benth.), Emory’s baccharis (Bac-
charis emoryi A. Gray), mule-fat (Baccharis salicifo-
lia (Ruiz & Pav.) Pers.) and arrowweed (Pluchea
sericea (Nutt.) Coville). Only small patches of native
vegetation persist within landforms dominated by
Tamarix ramosissima Ledeb., Tamarix chinensis
Lour., and their hybrid forms, all of which are not
easily distinguishable in the field and will be generally
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referred as Tamarix spp. Tamarix parviflora DC. is
also present in the floodplain. D. carinulata beetles
were released in 2006 near St. George, UT (ca. 45 km
upstream of our study area) and then progressively
moved downstream, reaching Lake Mead by 2012
(Bateman et al. 2010; Dudley and Bean 2012; Hultine
et al. 2015). The beetles prefer feeding on 7. ramo-
sissima, T. chinensis, and their hybrid forms, over T.
parviflora (Dudley et al. 2012).

Field surveys

In the fall of 2009, we established 24 field tran-
sects (3—6 per reach, Fig. 1). Transect locations were
selected to represent the range of geomorphological
landforms including active channels, bars, floodplains,
and terraces, and existing riparian vegetation commu-
nities within each reach. Transects ran perpendicular
to the main river channel. With variable river valley
widths, transect lengths ranged from 131 to 585 m,
with each starting in the adjacent uplands and
extending to at least the low-flow river channel (with
the exception of one transect in Mesquite and two
transects in Lake Mead); many transects crossed the
low-flow channel and continued across the entire
valley bottom. Mechanical removal of Tamarix is a
common practice in the study area (Ostoja et al. 2014),
but none of the transects was affected by any
mechanical treatment prior to or during the course of
our study.

Along each transect, vegetation was sampled four
times over 8 years in the spring (April and May) of
2010, 2012, 2015 and 2017. The 2010 survey
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Fig. 2 Instantaneous peak streamflow at USGS gage #09415000, “Virgin River near Littlefield”. Return periods were calculated using
the Log-Pearson III method. The 1989 flood was caused by the Quail Creek Dam failure and therefore was not natural
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represents conditions prior to the 40-year flood of
December 2010 (pre-flood, pre-biocontrol dieback),
the 2012 survey represents conditions following the
December 2010 flood but prior to substantial tamarisk
dieback (post-flood, pre-biocontrol dieback), while the
2015 and 2017 surveys were after both the 40-year
flood and substantial beetle effects (post-flood, post-
biocontrol dieback). Floods of smaller magnitude than
the December 2010 flood occurred between the 2012,
2015 and 2017 surveys, namely in September of 2012
(2 years), September of 2014 (4 years) and in Febru-
ary of 2017 (1.5 years) (return periods calculated with
Log-Pearson III method, Fig. 2).

Along the length of each transect, from 8 to 32
(depending on transect length and number of geomor-
phological surfaces), 10 m* (2 x 5 m) plots were
distributed at 20-m intervals within each distinct
geomorphological surface, for a total of 462 plots.
Within each plot, one or two observers visually
estimated cover for each plant species present
(0-100%), and the average cover value was recorded.
For Tamarix spp. (other than T. parviflora), cover was
estimated for four size classes: seedling, < 1 m tall;
sapling, > 1 m tall and diameter of largest stem at ca.
20 cm above the ground surface < 2.5 cm; small
mature, > 1 m tall and diameter of largest stem =
2.6-7.5 cm; large mature > 1 m tall and diameter of
largest stem > 7.5 cm. The cover of leaf litter and
coarse (i.e., branches, bark, woody debris) litter
(> 0.5 cm diameter) at each plot was also estimated
visually. Tamarix trees are able to refoliate during the
same growing season after being defoliated but this
capacity declines with resource depletion after
repeated defoliation events, potentially causing per-
manent dieback (i.e., branch dieback) and mortality
(Nagler et al. 2014, 2018). Therefore, our measure of
cover is sensitive to permanent reductions due to plant
dieback and mortality associated with biocontrol but
not necessarily to beetle defoliation. Our goal was to
assess vegetation response across years, rather than
within years. In fact, during our sampling, we noted
very little defoliation and we did not quantify beetle
presence, abundance or activity. We assumed that
most dead Tamarix cover is a result of beetle
defoliation (Hultine et al. 2015; Nagler et al. 2018);
other causes of dieback and mortality, such as drought
stress, self-thinning or self-pruning in response to
competition were considered negligible.
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We compared high resolution topographic surveys
(Real Time Kinematic Global Positioning System
RTK-GPS) along the transects in spring 2010, fall
2011, spring 2012, spring 2015 and spring 2017 to
assess the topographic change associated with the
December 2010 and subsequent floods. Point mea-
surements were recorded at major topographic breaks,
vegetation plot corners, and water’s edge locations.
Because we were particularly interested in the com-
bined effects of biocontrol and the geomorphological
dynamics of the river on riparian vegetation, we used
the topographic change caused by the largest flood
(40-year, December 2010) to define four categories of
plots (Gonzalez et al. 2019). We defined deposition
plots as those with > 10 cm increase in elevation
between the pre- and post-2010 flood surveys; erosion
plots as those with > 10 cm decrease in elevation; and
no change plots as those with < 10 cm vertical
change. We defined reset plots as those with < 10 cm
vertical change but with strong evidence of flood
disturbance (e.g., open water—being submerged,
fresh alluvium, removal of vegetation). These defini-
tions were developed given that the topographic
surveys had approximately 5 cm of vertical and
horizontal (x—y) error.

At each plot, a 600 ml composite soil sample was
obtained by compositing 12, 50 ml subsamples col-
lected every meter along the outside perimeter of each
plot (10 cm depth). Soil samples were collected twice:
in spring of 2010 and in spring of 2012. A subset of
190 samples representative of all geomorphological
surfaces was sent to Brigham Young University’s
Environmental Analytical Laboratory (Provo, UT) for
analysis of soil texture (with only percentage in > 63
pm-sand in fine fraction being reported) using the
hydrometer method (Day 1965), and electrical con-
ductivity (EC, a measure of salinity) from a saturated
paste extract (RC-16C Conductivity Bridge, Beckman
Instruments, Brea, CA, USA).

Processing and statistical analyses of field survey
data

A vegetation matrix was created with observations
(i.e., plot surveyed in a given year) as rows and species
cover (%) as columns. Tamarix size classes were
entered as pseudo-species. Channel change during the
study period resulted in 62, 14 and 33 plots being
submerged in the 2012, 2015 and 2017 surveys;
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therefore, these were not re-sampled. The 1739 row
vegetation matrix (i.e., 462 plots x 4 surveys = 1848,
minus 109 submerged observations) was Hellinger-
transformed (Legendre and Gallagher 2001) and then
subjected to a Principal Component Analysis (PCA) to
summarize the entire plant composition into fewer
gradients (Legendre and Legendre 2012).

For each observation (i.e., plot surveyed in a given
year), we calculated species richness and Shannon’s
diversity index. The cover of vegetation was calcu-
lated as the sum cover of all species (total vegeta-
tion, > 100% was possible) and grouped by growth
form (trees, shrubs and herbs). We also defined the
origin (native, non-native) of all species from the
USDA Plants Database (USDA-NRCS 2017).

To assess the effects of biocontrol on Tamarix
dieback, we selected plots with Tamarix cover > 30%
in 2012 (post-flood, pre-biocontrol dieback survey).
This value corresponded to the mean Tamarix cover
for all 2012 plots (n = 400 plots, i.e., 462 minus 62
submerged) and included 41% (164) of the plots
sampled in 2012, those within the 59th percentile with
the highest Tamarix cover. By establishing a cover
threshold, we aimed to minimize the importance of
human error in estimating cover visually and to be able
to assess the change in dieback over time with more
certainty. We calculated the change in Tamarix
dieback for the 164 plots for the 2012-2015 and
2012-2017 transitions and expressed it as a % with the
formula: (cover in 2015 or 2017—cover in
2012)/cover in 2012 x 100.

To explore the response of the plant community to
biocontrol in the context of key edaphic and geomor-
phological characteristics over time, we first compared
change over time in cover of Tamarix, plant groups,
species richness, Shannon’s diversity and the main
gradients of the plant communities expressed as PCA
principal components between the topographic change
categories defined above. The “reset” category was
excluded from comparisons because there were too
few plots to produce interpretable results. Then, we
analysed the site scores of the main two axes of the
PCA, and all other plant community metrics including
change in Tamarix dieback using mixed models with
year as fixed factor and plot, transect, and river reach
as random effects. Models were also run with soil
electrical conductivity, percentage of sand in the
sediments, leaf and coarse litter cover and elevation
above the water level as fixed factors, to test the effect

of these environmental variables on the replacement
vegetation. Differences among river reaches were also
explored by using river reach as a fixed effect instead
of as a random effect. The significance of all mixed
models was assessed using a likelihood ratio test, a
comparison of the full model with fixed and random
effects and the null model with random effects only
(Pinheiro and Bates 2000; Bolker et al. 2009).

All statistical analyses were conducted in R 3.4.1.
(R Development Core Team 2017). Mixed models
were run using the function Imer of the Ime4 package
(Bates et al. 2015). The Hellinger transformation and
PCA analyses were run using the functions decostand
and rda of the vegan package (Oksanen et al. 2017).

Results
Geomorphological changes

The 40-year flood substantially changed the morphol-
ogy of the river channel (Gonzalez et al. 2019) and
topography of the study plots, with 26% of the plots
(n = 118) classified as deposition, 27% (n = 125) as
erosion, and 2% (n=9) as reset (transition
2010-2012, Fig. 3). The remaining 45% of the plots
(n = 210) were classified as no change. Changes were
more frequent in the Littlefield, Mesquite and Gold
Butte river reaches (% for deposition—erosion—reset—
no change plots: 26-33-2-39, 27-41-1-31, 39-23—
5-33) than in Mormon Mesa and Lake Mead, where
ca. 75% of the plots did not change (16-10-0-74,
8-14-2-76). Only 25% of the plots changed in
elevation with subsequent floods that occurred from
2012 to 2015, and more than one half of those were the
result of deposition occurring in plots that had been
eroded during the December 2010 40-year flood
(transition 2012-2015, Fig. 3). Only 16% of the plots
changed in elevation as a result of the flood of
February 2017 (transition 2015-2017, Fig. 3).

Decrease in Tamarix cover

Since the defoliating beetle was first detected in the
study reach in the fall of 2009 (2010 along our
transects), Tamarix cover decreased ca. 75%, from a
mean + 1 SE cover at each plot of 33.5 £+ 1.4% in
2010 and 30.0 £ 1.6% in 2012 to 6.3 &+ 0.5% in 2015
and 6.5 £ 0.5% in 2017 (mixed model with year as
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2010 2012 2015

Fig. 3 Change in elevation of the 462 field plots during the
study period. Orange blocks represent number of plots
experiencing deposition (> 10 cm increase in elevation com-
pared to previous survey), blue represents erosion (> 10 cm
decrease in elevation), gray represents no change (< 10 cm
vertical change), and yellow represents reset (< 10 cm vertical
change but with strong evidence of flood disturbance) at each
survey. Hatched areas represent the plot categories “deposi-
tion”, “erosion”, “no change”, and “reset”, defined by the
2010-2012 transition. For example, 25 plots experienced

fixed factor P < 0.001; Table 1). Over the entire study
period, Tamarix decrease was higher in erosion than in
deposition and no change plots, because in erosion
plots approximately one-third of the total vegetation
(and consequently, one-third of the Tamarix cover)
had been removed by the flood before biocontrol
dieback was substantial (i.e., after 2012) (Fig. 4). The
decrease in Tamarix cover from 2012 to 2017,
presumably as an effect of defoliation (Tamarix
dieback, see methods), was highly variable among
plots (from a total loss of Tamarix (— 100%) to a small
increase of + 6%). However, dieback did not differ

@ Springer

2017

deposition in the 2015-2017 and in the 2012-2015 transition
but were defined as “erosion” plots because they experienced
erosion in the 2010-2012 transition. The floods of largest
magnitude occurred in December 2010 (878 m® s™', 40 years),
September 2012 (125 mis™!, 2 years), September 2014
222m?*s7!, 4 years) and February 2017 (92 m’ s~
1.5 years) (return period estimated using Log-Pearson III
method). To improve visual clarity, only numbers of plots > 5
are shown

among deposition, erosion and no change plots (i.e.,
from a mean cover of 67.0 to 11.8% = — 78%,
n = 34, 52.6-10.0% = — 81%, n=09; and
62.7-13.0%, = — 77%, n = 121; respectively; mixed
model P = 0.625). We could not explain differences in
Tamarix dieback from 2012 to 2017 either using EC
or %Sand in the sediments (mixed models P = 0.280
and 0.909, respectively), or river reach as fixed effect
instead of random effect (Littlefield = — 80%
(n = 25), Mesquite = — 72% (n = 35), Gold Butte =
— 78% (n = 27), Mormon Mesa = — 84% (n = 47)
and Lake Mead = — 73% (n = 30); mixed model
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Table 1 Pearson correlation coefficients illustrating the strength of relationships between vegetation metrics, year and key envi-

ronmental variables

Year Leaf litter Coarse litter EC in % of sand in Elevation
sediments sediments above water
n 1739 1722 1722 380 380 1739
PC1 — 0.260%** + 0.358%** + 0.170%** n.s. — 0.278%** + 0.120-
PC2 — 0.100%* + 0.221 %% + 0.156%** n.s. — 0.168%%* + 0.065%*
Total vegetation — 0.353%** + 0.575%%* + 0.134%** + 0.2971%*** — 0.389%** — 0.037-
Tamarix spp. total — 0.456%** + 0.599%*:* + 0.183%** + 0.223* — 0.380%** n.s.

Seedlings — 0.122%%** — 0.112%** n.s. n.s. + 0.177* — 0.073%**

Saplings — 0.308%** + 0.326%** + 0.114%%** n.s. — 0.207%** n.s.

Small mature — 0.305%** + 0.467%** + 0.168%** n.s. — 0.316%** n.s.

Large mature — 0.243%** + 0.375%%* + 0.075* + 0.241%* — 0.221%%* + 0.000-
Pluchea sericea + 0.096%** + 0.209%*%* n.s. n.s. n.s. — 0.078*
Non-native Herbs — 0.080%** — 0.149%** n.s. — 0.136%* + 0.113* + 0.142%**
Non-native Woody + 0.078%** n.s. n.s. n.s. + 0.088* n.s.

Native Herbs n.s. — 0.136%** — 0.096%* n.s. + 0.111* — 0.133%**
Native Woody n.s. n.s. n.s. + 0.165%* — 0.203%** n.s.
Richness + 0.068*** — 0.327%** — 0.151%** n.s. + 0.261%** n.s.
Shannon’s Diversity — 0.039% — 0.330%** —0.112- n.s. + 0.300%** n.s.

The statistical significance (***P < 0.001, **0.001 < P < 0.01, *0.01 < P < 0.05, -:0.05 < P < 0.1) is given by a likelihood ratio
test: an anova between a mixed model with year or an environmental variable as fixed factor and plot, transect, and river reach as
random effects, and the same mixed model without the fixed factor (null model). n—number of observations (i.e., plots surveyed at a

given year) that were used to run the models

P = 0.402). Tamarix dieback from 2012 to 2017 was
only correlated with plot elevation (i.e., more dieback
at lower elevation), but weakly (mixed model
P = 0.049, Pearson correlation of 17%). The change
in Tamarix cover between 2012 and 2015 also
fluctuated greatly among plots (from a total loss of
— 100% to a small increase of + 14%), but we could
not explain such variability with either the dominant
geomorphological process, river reach, sediment
characteristics, or elevation above water level (mixed
models P > 0.05).

Effects of flooding and biocontrol on the entire
plant community

Considering the combined effect of flooding and
biocontrol, total vegetation cover decreased by almost
one half, from 48.4 + 1.4t026.5 £ 1.2% (mean =+ 1
SE, Fig. 4, mixed model with year as fixed factor
P < 0.001; Table 1), with this decline being more
pronounced in erosion plots. We identified 146 taxa to
the species level and 15 to genus or family in the four

surveys (Appendix S1). We found a mean (£ 1 SE) of
3.2 + 0.1 species per observation, with Shannon’s
diversity index being rather low (mean = 1 SE =
0.51 £ 0.01). Over time, species richness and Shan-
non diversity followed a similar pattern: they
decreased after the 40-year flood in deposition and
no change plots, and increased in erosion plots; then
they decreased in all plot types following substantial
biocontrol dieback from 2012 to 2015, and then
rebounded after a few years of biocontrol dieback by
2017, to end up slightly higher than in 2010 for
richness, and slightly lower for diversity (mixed
models with year as fixed factor P < 0.001; Table 1;
Fig. 5).

The differences in plant composition among obser-
vations were very highly controlled by differences in
composition and structure of the woody vegetation
layer. The first gradient of the PCA explained 24% of
the plant community composition variability and
separated observations dominated by Tamarix other
than T. parviflora (positive end of PC1, Fig. 6) from
those dominated by the native shrub P. sericea
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(negative end of PCI1, Fig. 6). The second gradient
explained 14% of the variability and was mainly
related to the structure of the woody vegetation layer,
with observations separated by the smaller sizes of
Tamarix, particularly saplings and small mature
individuals and P. sericea (positive end of PC2,
Fig. 6), which is also of small size, from large mature
individuals of Tamarix (negative end of PC2, Fig. 6).
With lower species scores, a last group of species
played a lesser, but notable role in the ordination, all
being negatively loaded in both PCl and PC2
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Post-beetle dieback

(quadrant IIT of the bidimensional space, Fig. 6), by
decreasing order of importance: the smallest Tamarix
size class (seedlings), the native shrub Salix exigua,
the annual non-native forb Salsola tragus, the annual
non-native grasses Polypogon monspeliensis and
Schismus barbatus, and the native perennial grami-
noid Scirpus pungens (synonym S. americanus).
Geomorphological processes and biocontrol had a
great influence on plant composition dynamics. Sed-
iment deposition following the 40-year flood mainly
occurred in plots in which Tamarix and P. sericea
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Fig. 5 Mean + 1 SE species richness (top panel) and Shan-
non’s diversity index (bottom panel) over time in deposition,
erosion, no change, and all plots combined (see main text for
definitions) (vegetation not recorded in submerged observations
and therefore not included in the calculations)

were co-dominant (centroid of deposition plots in
2010, in orange, only slightly negatively loaded, PC1
in Fig. 6, 2010 bar in Fig. 4), but it was not associated
with changes in plant composition (short 2010-2012
orange arrow in Fig. 6, 2012 bar in Fig. 4) as much as
biocontrol dieback, which reduced Tamarix and
benefitted P. sericea (long 2012-2015 orange arrow
in Fig. 6,2015 bar in Fig. 4). Erosion occurred in sites
initially more dominated by Tamarix (blue centroid
2010 in Fig. 6, 2010 bar in Fig. 4) and mostly
removed Tamarix saplings and small adults (long
2012-2010 blue arrow in Fig. 6, 2012 bar in Fig. 4).
With less Tamarix cover to die back, the effects of
biocontrol on the resulting plant community were less
notable in erosion plots (short 20122015 blue arrow
in Fig. 6, 2015 bar in Fig. 4), but P. sericea still

became dominant by 2017 (blue centroid 2017 in
negative side of PC1 in Fig. 6, 2017 bar in Fig. 4).
The relative importance of the subordinate group of
species in erosion plots was the largest among the
three types of plots (blue centroids of 2012, 2015 and
2017 in quadrant III of the bidimensional space in
Fig. 6). Both native and non-native herbs peaked after
the 40-year flood (2012 bar in Fig. 4), then stabilized
while native shrubs and trees other than P. sericea
(mainly S. exigua) slightly increased in cover and
relative importance (2015 and 2017 bars in Fig. 4).
The plots that were not affected by the 40-year flood
(no change plots) were the most dominated initially by
Tamarix (grey centroid 2010 highly positively loaded
in Fig. 6, 2010 bars in Fig. 4), and did not change
much following the flood (short 2010-2012 grey
arrow in Fig. 6), with the exception of an increase of
Tamarix saplings at the expense of large adults
(Fig. 4) that we believe was due to an underestimation
of the stem diameters in the 2012 field survey. There,
biocontrol dieback effects on vegetation were pro-
nounced from 2012 to 2015 (long grey arrow in Fig. 6,
2012 bar in Fig. 4) and stabilized later (short
2015-2017 grey arrow in Fig. 6, 2015 bar in Fig. 4),
eventually resulting in co-dominance of Tamarix with
P. sericea (grey centroid 2017 only slightly positively
loaded in PC1 Fig. 6, 2017 bar in Fig. 4).
Differences in plant composition among river
reaches was small, with a high overlap of observations
along the main ecological gradients (ellipses, Fig. 6).
However, a trend of increasing Tamarix dominance in
a downstream direction was still perceivable. P.
sericea was more abundant in the Gold Butte reach.

Effects of litter cover, sediment characteristics
and relative elevation on vegetation

Leaf litter cover averaged 34.0% =+ 0.8 (mean =% 1
SE) in all observations; it decreased following the
40-year flood in deposition, and more sharply in
erosion plots. In no change plots, it decreased sharply
in the 2012-2015 transition following the first years of
biocontrol, then rebounded over time in all plot types
(Fig. 7a). Coarse litter was much less abundant than
leaf litter and also decreased sharply in erosion plots
after the 40-year flood but increased in deposition
plots, generally stabilizing over time (Fig. 7b). No
change plots were at topographically higher positions
at ca. 2.5 m above the low flow channel. Erosion plot
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Fig. 6 First two main gradients of a Principal Component
Analysis (PCA) on a Hellinger transformed species matrix with
1739 observations (i.e., site sampled in a given year) along the
lower Virgin River, NV (USA). Species scores (scaling = 2), in
red font, were divided by 6 to improve visual clarity. Site scores
(scaling = 2) are represented with ellipses of different colors
including 90% of the observations at each river reach and with

elevations ranged between 0.5 and 1 m and deposition
plot elevations were ca. 2 m following the 40-year
flood (Fig. 7c). Also following this flood, EC
and %Sand of the sediments increased in erosion
plots and EC decreased in deposition plots (Fig. 7d, e;
mixed models P < 0.05, not shown).

Leaf litter was highly positively correlated with P.
sericea and especially with total Tamarix and total
vegetation cover, and negatively with the herbaceous
layer (weak relationship), species richness and Shan-
non’s diversity (mixed models for leaf litter, Table 1).
Coarse litter was more frequently found where
Tamarix cover and total vegetation cover were high,
but correlations were weak (mixed models for coarse
litter, Table 1). Sites dominated by Tamarix, espe-
cially with larger individuals, were less sandy and
more saline than those where the abundance of herbs
was higher, which were also richer in species and more
diverse (mixed models for EC and %Sand, Table 1).
The elevation above the water level had less explana-
tory power, with only non-native and native herbs
respectively tending to occupy higher and lower
surfaces (weak correlations, mixed models for relative
elevation, Table 1).
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the centroids of deposition (118), erosion (125) and no change
(210) plots, calculated as the mean value of each plot type at
each survey. Deposition, erosion and no change plots were
defined for their change in elevation following the 40-year
December 2010 flood. Reset plots are not represented due to
their small number of plots (9), which hampered an ecological
interpretation of their trajectories over time

Discussion

Tamarix dieback was similar to that found in other
river systems of the southwestern US affected
by biocontrol

As in other river systems of the southwestern US,
effects of the Diorhabda beetle caused a sharp
decrease in Tamarix cover in the lower Virgin River.
The mean reduction of 75% cover following 6-8 years
of beetle activity was comparable to decreases of
cover > 90% after only 3 years of biocontrol in the
Humboldt and Walker rivers (Nevada) (Pattison et al.
2011), and to the ca. 50% decreases after 4-9 years
reported in multiple rivers in the Upper Colorado
River basin (Kennard et al. 2016; Gonzalez et al.
2017b; Henry et al. 2018). In other studies of the lower
and middle Virgin River, Hultine et al. (2015) reported
Tamarix canopy dieback of 54% by 2014, Nagler et al.
(2014) found a 50% reductions in leaf area index by
2013, and Nagler et al. (2018) estimated a 75%
reduction in MODIS Enhanced Vegetation Index
(EVI), a proxy of vegetation cover obtained through
remote sensing, by 2015. The effectiveness of Tamarix
biocontrol is similar to that reported for other species;
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Fig. 7 Mean + 1 SE of key environmental variables over time.
See main text for definition of deposition, erosion and no change
plots. Calculations were done with 380 observations (190 plots
surveyed twice) for EC and % sand in sediments, with 1722

Clewley et al. (2012) reported a 56% average plant
density reduction based on a meta-analysis of 61
studies.

Overall, studies have found high variability in
defoliation-induced ~ Tamarix cover reductions
between and within study sites, rivers and regions,
with continued uncertainty around the factors explain-
ing this variability (Henry et al. 2018). Similarly, we
found high variability in Tamarix dieback (ranging
from + 14 to — 100%) across plots but were not able
to explain it with either the dominant geomorpholog-
ical process, sediment properties, or river reach. Henry
et al. (2018) suggested that the high and unexplained
spatial variability in Tamarix dieback could be caused
by factors controlling defoliation operating at multiple
spatial scales. Beetles operate in a “colonize—defoli-
ate—emigrate” pattern (Nagler et al. 2018), traveling
long distances along wide river corridors with dense,

observations for leaf and coarse litter (1739 non-submerged
observations minus 17 with missing data) and with 1848
observations from all plots surveyed four times (462) for
elevation above water level

connected tamarisk stands (Ji et al. 2017). These
conditions exist in our Lower Virgin River study area
where Nagler et al. (2014) reported dispersal rates of
25-30 km year'. This rapid dispersal rate through
our 62 rkm-long study area likely helps to explain why
we did not find differences in dieback among river
reaches. The causes of the high local variability
reflected at the plot level in our study, however, merit
further research. Hultine et al. (2015) suggested that
higher dieback in our study area occurred in more
saline soils, but our data, which included significantly
more sediment analyses, did not confirm this. Patches
of fully, partially defoliated, and recovering Tamarix
such as that found in the Lower Virgin River are
typical along other rivers in this region (Nagler et al.
2018).
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A large flood opened opportunities for understory
species, but these did not become dominant
in the system following Tamarix dieback

The 40-year flood produced geomorphological
change, erosion of vegetated landforms and deposition
of sediments that opened opportunities for other
species that had remained subordinate in the flood-
plain before the flood (see also Gonzalez et al. 2019).
This reinforces the role of the flood regime in
structuring riparian plant communities (Hughes
1997; Stromberg et al. 1993, 2005; Stromberg and
Merritt 2015). Erosion and deposition caused distur-
bance, which removed biomass and benefitted oppor-
tunistic, pioneer species with ruderal traits (Grime
2001), such as Salsola tragus, Schismus barbatus and
Polypogon monspeliensis (all three considered nox-
ious weeds by the US Department of Agriculture,
USDA-NRCS 2017). Their capacity to colonize
recently disturbed areas could be partially explained
by their ability to produce abundant small seeds
(Brooks 2000; Baker et al. 2008; Palmquist et al.
2017). However, unlike in other rivers of the south-
western US (Kennard et al. 2016; Gonzalez et al.
2017a, b; Sher et al. 2018), the abundance of those
noxious weeds did not increase or persist following
Tamarix dieback along the lower Virgin River,
suggesting that secondary invasions might not be a
big concern in this system. The native graminoid that
best responded to fluvial disturbance, Scirpus pun-
gens, is also an early colonizer that reproduces well in
wet, even saturated, saline sediments by seed and
clonally by rhizomes (Lite et al. 2005; Albert et al.
2013). Seedlings of Tamarix also colonized disturbed
sites. Tamarix is also a disturbance-dependent species,
with seedlings that require moist, bare and open
surfaces that floods create (Auerbach et al. 2013). The
40-year flood exposed fluvial surfaces that could have
been colonized during the following spring and
summer when seed release occurs. As was the case
for noxious weeds, neither opportunistic native herbs
nor Tamarix seedlings increased over time as Tamarix
cover declined with dieback, so biocontrol did not lead
to the dominance of the plant community by the
understory layer. With little to no fluvial disturbance,
no change plots showed the least change in understory
plant composition, immediately after the flood and
over time with Tamarix dieback. No change plots
represent the most similar conditions compared to
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regulated rivers where flooding and geomorphological
dynamism is reduced; thus, we expect that the
ecological trajectories of no change plots should most
resemble those along regulated rivers.

Pluchea sericea as the new dominant species
in the floodplain

With Tamarix declining in the floodplain and no
understory herbs taking long-term advantage of this
situation, the native shrub P. sericea expanded and
became the new dominant in all types of plots
(erosion, no change and, especially, deposition). A
similar increase in P. sericea dominance occurred
2-5 years after mechanical control of Tamarix along
the Lower Virgin River and before the arrival of the
biocontrol beetles (Ostoja et al. 2014). The autecology
of P. sericea is largely unknown, but it is likely that its
prolific rhizomes helped it to colonize the new
surfaces cleared of vegetation by fluvial disturbance,
and later the openings in the canopy caused by
Tamarix dieback and mortality. Butterfield et al.
(2020) observed that P. sericea occupied areas prone
to accumulate sand on sandbars of the Colorado River
in Grand Canyon and argued that this plant creates a
positive feedback with sand deposition because its
dense stem structure promotes sediment deposition
and its propensity for resprouting allows it to tolerate
burial by sand. Likewise, P. sericea thrived in
cottonwood-willow forests following fire disturbance
along the Lower Colorado River (Busch 1995). A
higher cover of leaf litter in the soil may have also
contributed to P. sericea spread by inhibiting colo-
nization of competing herbs.

With a great clonal growth capacity (Douhovnikoff
et al. 2005; Rood et al. 2011), the native shrub Salix
exigua also took advantage of the space opened up
where vegetation was removed in erosion plots,
although absolute increases in frequency and abun-
dance were relatively small. Unlike the noxious
weeds, Tamarix seedlings, and native herbs, S. exigua
slightly decreased immediately following the flood
(see Gonzalez et al. 2019 for more details) and the
observed small increase in abundance was only
apparent over time. Still, S. exigua was much less
abundant than P. sericea in the floodplain of the Virgin
R. at the end of the sampling period (almost six times
less frequent and when present, with half the mean
cover, Appendix S1). With such low abundance, small
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differences in cover when present should be inter-
preted with caution. Our results did not indicate a
significant relationship between decreases in Tamarix
cover due to control measures and increases in S.
exigua, which Sher et al. (2018) observed along the
Dolores River (CO).

Conclusions

The combined effects of a 40-year flood, particularly
the erosion of vegetated surfaces, and the subsequent
biocontrol-related dieback of Tamarix starting only
1-2 years later, resulted in an overall decrease of
Tamarix cover of about 75% in our study sites along
the lower Virgin River, and ca. 50% of total vegetation
in 7 years (Fig. 8). Defoliation-induced Tamarix die-
back was highly variable between study plots but no
differences were found between the dominant geo-
morphological process induced by the large 40-year
flood, physicochemical properties of the sediments
such as electrical conductivity and texture (proportion
of sand) and five river reaches along 62 rkm. Beetles
colonized the entire river segment relatively fast
(~ 2 years) and defoliated the Tamarix stands uni-
formly along the upstream—downstream axis, but the
explanation for high variability in dieback at the local
(i.e., plot, tree stands) scale still needs further
exploration.

The replacement plant communities were notably
influenced by the dominant geomorphological pro-
cess. Opportunistic native and non-native understory

species and Tamarix seedlings peaked after the
40-year flood, following deposition, and especially
erosion of fluvial surfaces, but they did not increase
dramatically over time. This highlights the importance
of long-term monitoring and warrants further moni-
toring of the sites. Native woody species also bene-
fitted some from the space vacated by Tamarix.

The changes in vegetation over the course of our
study likely have implications for wildlife use. The
significant reduction in Tamarix and relatively low
cover of replacement vegetation could disfavor some
wildlife taxa, depending on vegetative cover, temper-
ature, or food source preferences (Paxton et al. 2011;
Bateman et al. 2013, 2015; Mahoney et al. 2017).
Although Salix exigua, a shrub desirable for hosting
many bird species, increased some following Tamarix
dieback, it remained subordinate in the floodplain.
Pluchea sericea became the new dominant species in
the system, which could result in relatively low-
quality wildlife habitat due to its lack of structural
diversity (Bateman and Ostoja 2012). More studies on
the wildlife use of P. sericea stands and its contribu-
tion to other ecosystem processes and functions are
needed to assess its desirability as replacement
vegetation following Tamarix control.

Our study showed that biocontrol can efficiently
control invasive Tamarix, but that recovery of diverse
replacement vegetation has been relatively slow. This
suggests that additional management measures (e.g.,
active revegetation) should be considered to speed up
the development of communities that optimize partic-
ular ecosystem function and services. Such actions

Oct 2013

Fig. 8 View of the lower Virgin River near Littlefield, AZ,
before and after the 40-year flood and substantial beetle dieback.
Note the change in the channel morphology and stands of mostly

defoliated (orange/brown), possibly dead Tamarix (grayish
colored vegetation) in second photo
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need to consider the dynamic nature of the river. For
example, previous revegetation efforts conducted in
the active river channel were ruined by the 40-year
flood (e.g., “Hughes Middle School” restoration site
near Mesquite, Stillwater Sciences 2014). Desiccated
Tamarix can also increase fire risk (Drus et al. 2013).
Thus, active restoration should be carefully planned
and likely implemented on sites that are relatively safe
from future flooding and fires.
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