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individual traits, multivariate functional dispersion 
and species diversity. We used linear mixed effect 
models (LME) to compare these metrics at paired 
vegetation patches dominated and not dominated by 
Tamarix during cycles of defoliation and refoliation 
over eight years. We found that community-weighted 
average trait values, species diversity and functional 
dispersion changed little in response to defoliation, 
and instead seemed to be responding to fluctuations in 
yearly precipitation. Average height and seed weight 
were greater in Tamarix-dominated patches relative 
to control patches. Functional dispersion followed a 
similar trajectory to species diversity, but was a more 
sensitive indicator of plant community change. We 
showed that riparian vegetation can be resilient to 
Tamarix biocontrol, and that defoliation might not 
necessarily always lead to substantial changes in eco-
system function.
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Introduction

The species-based metrics that are commonly used 
to assess ecosystem change do not adequately reveal 
the underlying mechanisms driving plant commu-
nity dynamics (Funk et al. 2017; Mcgill et al. 2006). 
This is because species are not a direct measure of 
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response to environmental conditions, rather their 
presence is a consequence of the traits they possess 
(Keddy 1992). A trait-based approach provides a 
direct link to understanding which properties of the 
environment are acting as filters to drive community 
assembly. The trajectories of species diversity and 
functional diversity are dependent on these envi-
ronmental filters, such as resource availability and 
primary sources of stress (Mayfield et  al. 2010). As 
such, trait-based approaches are increasingly used 
to assess community response to ecosystem change 
globally (Jeliazkov et al. 2020). Among recent studies 
that use both species and functional approaches, some 
have found that functional metrics respond more 
strongly to ecosystem change than species-based 
approaches (e.g., Woodcock et al. 2011), while some 
studies have found that species diversity measures 
respond more strongly (e.g., Pilotto et al. 2019). Even 
in cases where species and functional diversity do fol-
low a similar pattern, it is still advantageous to use a 
functional approach to complement an understanding 
of the taxonomic structure of the community (Funk 
et al. 2017; Laughlin 2014).

Restoration efforts such as invasive species control 
alter both the biotic and abiotic environment, provid-
ing natural experiments through which we can test 
trait-environment relationships. Most control tech-
niques change the abiotic environment both through 
direct disturbances (such as from machinery or pes-
ticides), as well as indirect alterations that follow 
control of a dominant species, such as an increase in 
resource availability. Despite the importance of these 
potential environmental filters, there are still very 
few studies that examine the impact of invasive spe-
cies control on community function (but see McNeish 
et al. 2017; Modiba et al. 2017; O’Leary et al. 2018). 
Rather, species-based measures are generally used in 
monitoring the impact of invasive species manage-
ment on the broader plant community (González et al. 
2015; Kettenring and Adams 2011; Wortley et  al. 
2013). Understanding the underlying mechanisms 
driving plant community change facilitates effective 
management following invasive species control.

One control method in particular—biological 
control (biocontrol)—presents a unique opportu-
nity to study functional relationships in response to 
environmental filters. This is because, unlike either 
mechanical or chemical control, effective biocontrol 
typically creates few additional disturbances beyond 

the reduction of the target. Furthermore, biocontrol 
can create gradients of impact over time and space 
that facilitate our ability to identify trajectories of 
response. Despite this potential, however, to our 
knowledge a trait-based approach has never been 
used to study the response of plant communities to 
biocontrol.

The environmental alterations we expect from 
the biocontrol of a dominant invasive shrub include 
increased resource availability (light and nutrients) 
and shifts in environmental stressors (e.g., increased 
temperature, reduced soil moisture). Provided enough 
elapsed time, these changes alter the filters that select 
for specific traits and subsequently are expected to 
impact the functional composition of the community 
(Keddy 1992). However, how the species and func-
tional community composition changes are context-
dependent. In a species-poor environment, the release 
of competitive pressure caused by the control of a 
dominant invasive species may lead to an increase in 
species diversity (particularly weedy species), with-
out a parallel increase in functional diversity if all the 
new species are similar (Mayfield et al. 2010). Alter-
natively, the control of a dominant invasive species 
through biocontrol may shift the community from 
shade-tolerant species to stress-tolerant species that 
can cope with a hot, dry environment, altering both 
the identity and number of species, and functional 
diversity (Suding and Goldberg 2001). Ultimately, 
species diversity may be similar, but the trait values 
may have changed drastically. Additionally, invasive 
species control occurs in the context of abiotic condi-
tions and disturbance regimes, such as precipitation, 
fire and flooding, whose fluctuations also impact spe-
cies and trait composition.

We examined plant community traits in a system 
subjected to biocontrol defoliation of non-native, 
invasive Tamarix spp., a Eurasian shrub that has 
successfully invaded North American riparian sys-
tems (Nagler et  al. 2011). Because they are difficult 
to distinguish and ecologically similar, Tamarix here 
refers to the two most common species in the United 
States Southwest (T. ramosissima and T. chinensis) 
and their hybrids (Gaskin 2013). In 2001, Diorhabda 
spp., a specialist insect herbivore feeding exclu-
sively on Tamarix, was released as a biocontrol agent 
(DeLoach et al. 2003). The rapid spread of Diorhabda 
has generated concern over the plant community and 
ecosystem impacts of reduced Tamarix cover (e.g., 



1135Functional stability of vegetation following biocontrol of an invasive riparian shrub﻿	

1 3
Vol.: (0123456789)

evapotranspiration: Nagler et al. (2014); wildlife use: 
Sogge et  al. (2013)). Diorhabda spp. are gregarious 
beetles and a swarm can defoliate an entire stand of 
Tamarix. However, multiple defoliation events are 
generally required to cause shrub or branch mortality 
(Bean et al. 2013). The varying impact of Diorhabda 
on Tamarix has been geographically unpredictable 
and can change canopy cover dramatically, alter-
ing light availability, microsite temperature and sur-
face evaporation (Bateman et  al. 2013; Henry et  al. 
2018; Kennard et al. 2016; Sher et al. 2018). Previous 
research has shown a highly varied response of plant 
communities to Tamarix defoliation (González et  al. 
2020a, b, 2017; Henry et  al. 2018; Kennard et  al. 
2016; Sher et al. 2018).

The immediate effects of biocontrol can seem 
drastic, while long-term (a decade or more) effects 
of biocontrol may be less dramatic as the target spe-
cies and biocontrol agent relationship stabilizes. 
To date, two studies have reported the response of 
plant communities to Tamarix biocontrol defoliation 
from a taxonomic perspective over a longer period 
(8–10 years since beginning of defoliation; González 
et al. 2020a, b). González et al. (2020a) reported plant 
community response to a first cycle of Tamarix bio-
control along the Virgin River in Arizona and found 
that Tamarix was largely replaced with the native 
shrub Pluchea sericea and that there was a tempo-
rary increase in opportunistic understory species. In 
this river, the effects of biocontrol on vegetation were 
shown to be strongly affected by the local flooding 
regime, which is a key driver of vegetation in riparian 
systems. Along the Colorado River near Moab UT, 
González et al. (2020b) examined the plant commu-
nity response to a second cycle of defoliation (i.e., a 
new defoliation event after a first cycle of defoliation 
and subsequent recovery of Tamarix canopy, typical 
of plant-insect interactions) and reported an increase 
in the cover of the native shrub Salix exigua and some 
fluctuations in herbaceous species cover, but overall, 
little change in species diversity during this time.

While these species-based studies have improved 
our understanding of the impact of biocontrol defo-
liation on Tamarix-dominated plant communities, the 
underlying mechanisms driving these changes remain 
unclear. In this study, we identified functional trajec-
tories of plant communities in response to Tamarix 
biocontrol in a second cycle of defoliation to com-
plement the taxonomic study done by González et al. 

(2020b) in the Upper Colorado River near Moab, UT. 
We sought to determine if community-weighted aver-
ages and ranges of key individual response traits as 
well as multivariate measures of functional diversity 
changed (A) over time, (B) following the cycle of 
biocontrol defoliation and recovery, and (C) whether 
they differed between vegetation patches where 
Tamarix was present and where Tamarix was absent. 
Henry et  al. (2021) showed that Tamarix-dominated 
communities across the Upper Colorado basin tend to 
be more specialized in terms of reproductive strate-
gies and phenological and morphological traits. We 
therefore hypothesized that those differences would 
exist between Tamarix and control patches, and that 
as Tamarix was removed, communities would become 
more functionally diverse. Given that Tamarix bio-
control has been associated with an increase in micro-
site temperature and surface evaporation (Bateman 
et al. 2013), we expected to find more stress-tolerant 
characteristics as a result of defoliation. Alternatively, 
if the understory plant community had stabilized fol-
lowing the first cycle of defoliation as González et al. 
(2020b) suggested, and functional and taxonomic 
diversity followed similar trajectories, we would 
expect little functional change specifically in response 
to the second defoliation event.

Methods

Study area

This study included 10 Tamarix-dominated sites 
along two reaches of the Upper Colorado River near 
Moab, UT selected for long-term monitoring of veg-
etation response to biocontrol defoliation (González 
et al. 2020b; Fig. 1). The study area has a semi-arid 
climate with a mean daily temperature of 14 °C and 
mean annual precipitation of 241 mm (U.S. Climate 
Data 2019). This section of the Colorado River has 
been flow-regulated since the 1950’s and so experi-
ences lower peak flows and decreased summer flows 
and sediment supply than was historically the case 
(Rasmussen and Shafroth 2016).

The northernmost reach included in this study 
is “Cisco Wash to Dry Gulch” (Cisco, hereafter) 
with two sites. It cuts through a shallow shale and 
silt-stone valley of variable width and is straight 
to moderately sinuous. The southernmost reach is 
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“Gold Bar” which extends through a sandstone-
walled canyon and consists of two large meander 
bends. The Gold Bar reach has eight sites.

The biocontrol beetle (Diorhabda spp.) was 
released at eight locations along the same segment 
of the Colorado River as our study area between 
2004 and 2006 (Henry et al. 2018). Remote sensing 
time-series show peak initial defoliation between 
2004 and 2008, followed by a recovery until 2010 
and a second cycle of defoliation between 2010 and 
2013 and subsequent recovery until 2016 (Nagler 
et al. 2018). There was a sharp decrease in both live 
and relative Tamarix cover as measured in the field 
from 2010 to 2013, followed by a rebound between 
2013 and 2017 bringing cover back to approxi-
mately 2010 levels (González et al. 2020b; Fig. 2a). 
The percent cover of dead Tamarix followed an 
approximately inverse pattern (Fig.  2b). Therefore, 
this study captures plant community response to the 
second cycle of defoliation and recovery of Tamarix 
cover. The variability in Tamarix cover and change 
over time across sites was large (González et  al. 
2020b). González et  al. (2020b) showed that there 
was a sharp decline in herbaceous species between 
2010 and 2012 sampling, and a notable increase of 
Salix exigua from the beginning to the end of the 

study, but otherwise there was little change in spe-
cies diversity.

Data collection

Field surveys/vegetation

Within the study area, sites were selected by 
González et  al. (2020b) to represent a range of veg-
etated landforms ranging from near channel bars 
and banks, adjacent floodplains, and higher terraces 
within both meander bends and straighter sections of 
the river. While a single site was defined as having 
a homogeneous origin (i.e., occupied either the right 
or left river margin along an entire alluvial deposit), 
each site typically included multiple landforms. At 
each study site, 1 to 10 transects were established 
depending on the size, shape and heterogeneity of 
the site (20 transects in Cisco, 40 transects in Gold 
Bar). Transects were oriented perpendicular to the 
channel and extended from the transition between the 
uplands and the riparian corridor to the edge of the 
river water or the top of the riverbank if too steep to 
sample safely. Transects were sampled in the fall of 
2010, 2012, 2013, 2015 and 2017. Only transects that 
had no Tamarix control other than biocontrol for the 

Fig. 1   Map of study area. 
Cisco Wash/Dry Gulch 
contains sites A–B, with a 
total of 20 transects. Gold 
Bar contains sites C–J, 
with a total of 28 transects 
(black dots represent sites). 
Gray shading represents the 
Upper Colorado river basin. 
Red dots represent the two 
study reaches. Red star 
represents Moab, Utah
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entire sampling period were used in the study, result-
ing in 20 transects in Cisco and 28 transects in Gold 
Bar. We used vegetation data described in González 
et al. (2020b) and published in Shafroth et al. (2020). 
The point-intercept method with pinpoints spaced 
50  cm or 1  m depending on transect characteristics 
was used to sample vegetation (understory and over-
story), including live and dead Tamarix, along each 
transect (Bonham 1989). Dead Tamarix in this area 
was assumed to be due to biocontrol rather than the 
effects of other factors such as drought stress or com-
petition, which tend to be minor (González et  al. 
2020b). The presence of the most common ground 
cover constituents was also registered at the pinpoint 
level: bare ground, coarse litter (> 0.75 cm diameter) 
and fine litter (< 0.75 cm diameter).

Because we were particularly interested in the 
effects of biocontrol, we divided the observations 
collected across the transects into two subsets. The 
first subset (“Tamarix” hereafter) represented Tama-
rix patches and included the sections of the transects 
that had consecutive pinpoints with counts of either 
Tamarix live or dead over the entire study period, 
with intervals of less than 2 m with no Tamarix 
record also included. The second subset (“Control”) 
included the pinpoints in “gaps” between Tama-
rix patches equal to or larger than 2 m, and other 

non-Tamarix pinpoints along the transect, which 
were mostly located at the upland end. Because the 
length of each transect could differ across years as 
the river water’s edge fluctuated with water levels, 
only pinpoints that were present in all years were 
included. Transects with five or fewer pinpoints in 
the Control patches were also excluded from the 
Control subset, rendering the number of transects 
with control data to 19 in Cisco and 10 in Gold Bar. 
The point data for plant species and ground cover 
constituents were transformed to percent cover per 
transect by dividing the number of points with each 
species or ground cover constituent present by the 
total number of transect points in the correspond-
ing subset. All analyses were conducted using the 
transect-year combination as the study unit.

From the original 119 taxa identified by González 
et  al. (2020b), we considered 112 taxa. The seven 
excluded taxa were only present at the transect sec-
tions that were discarded when creating the two 
Tamarix and Control subsets. Where taxa were only 
identified to genus, we identified the most likely 
species using USDA Plants and regional floras and 
conducted trait data searches on that species. This 
reduced the taxa list for trait data searches to 103. 
For simplicity we will refer to all taxa as “species”.

Fig. 2     Tamarix  cover at all sites. Included here to show the 
defoliation cycle from 2010 to 2013 and refoliation from 2013 
to 2017 (González et al. 2020b; Nagler et al. 2018). The hori-
zontal line within the box represents the median cover value; 
the top and bottom edges of the box represent the first and 
third quartiles. The whiskers extend to the outermost data-
point that falls within the first or third quartile ± 1.5*(inter-
quartile range). Outliers exceed the 1.5*interquartile range 

and are indicated with filled circles. The blue line connects the 
mean cover from one year to the next. A pinpoint was consid-
ered dead if a twig or a branch that showed no sign of life that 
season (i.e., no evidence of new leaves in that sampling year) 
was hit, irrespective of whether it was attached to a larger live 
branch. We assumed brown leaves indicated desiccation of live 
vegetation caused by beetle herbivory during that sampling 
year and therefore were counted as live points
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Trait data

We collected data on eight reproductive, phenologi-
cal and morphological traits identified as important in 
riparian plant communities generally (Stromberg and 
Merritt 2015) as well as specifically in the reaches of 
the Upper Colorado River where this study was con-
ducted (Table 1; Henry et al. 2021). We collected trait 
data primarily using online databases (see associ-
ated data release), following the methods outlined in 
Henry et al. (2021) (e.g., TRY—Kattge et al. (2020) 
and Palmquist et  al. (2017; Table  S2)). When trait 
values could not be found, we conducted literature 
searches using Web of Science and Google Scholar 
(Table S3). These traits characterize resource acqui-
sition, stress tolerance and reproductive strategies of 
the plants included in this study.

Of the eight traits for which we collected data, we 
examined specific leaf area (SLA), height at matu-
rity and seed mass as individual traits. These repre-
sent the three axes of the Leaf–Height–Seed (L–H–S) 
scheme proposed by Westoby (1998). SLA is related 
to resource conservation and acquisition strategies. 
High SLA confers the ability to take up and make use 
of resources quickly, but also is linked to a rapid turn-
over of plant leaves, allowing for flexibility in envi-
ronments with unpredictable light and soil resources. 
Conversely, low SLA is associated with a conserva-
tive resource use strategy (Wright et al. 2004). Height 
at maturity reflects the amount of growth attempted 
between disturbance events (Westoby 1998). Seed 
mass represents a tradeoff between producing many 
small seeds and few large ones. Seeds with larger 
mass tend to be more stress-tolerant (Westoby 
1998). Recent studies have found these traits help-
ful in defining riparian plant community functional 

response to hydrogeomorphic factors (Aguiar et  al. 
2018; Bejarano et al. 2017; Brice et al. 2016; Janssen 
et al. 2020).

We calculated the community weighted means 
(CWM) and functional dispersion (FDis) for SLA, 
height at maturity and seed mass—for each data sub-
set and transect. Seed mass and height were both log-
transformed prior to calculating functional metrics 
to improve normality. CWM is defined as the mean 
trait value of all species in a community, weighted by 
the abundance of each species (Lavorel et al. 2008). 
For individual traits, FDis is defined as the weighted 
mean absolute deviation and so represents the range 
of values for a given trait present in the community 
(Laliberté and Legendre 2010).

FDis is also able to incorporate multiple traits and 
represents a multivariate analogue to the weighted 
mean absolute deviation (Laliberté and Legendre 
2010). We calculated a multivariate measure of FDis 
using all eight traits for each transect (Table 1). The 
advantage of creating a multivariate index of the 
weighted range of all trait values is to provide a func-
tional metric analogous to Shannon’s diversity index 
based on species identity. Lastly, we calculated Shan-
non’s diversity based on species cover for each data 
subset and transect in the study area.

Statistical analysis

From the filtered list of 103 species, we included 
those with at least half of the eight trait values in our 
analysis. While this led to the removal of eight addi-
tional species, at least 80% vegetation cover was still 
accounted for at all transects (i.e., the combination of 
the Tamarix and Control subsets). Subsequent analy-
ses were carried out using the remaining 95 species 

Table 1   Traits used to calculate community weighted means, univariate and multivariate measures of dispersion

Trait Description/Unit/Classes Variable type

Specific leaf area (SLA) Square centimeters per gram (leaf area/dry leaf mass) Continuous
Height at maturity Meters Continuous
Seed mass Mass of 1000 seeds in grams Continuous
Clonal reproduction ability Yes/No Categorical
Resprout ability Ability to resprout after damage or fire: Yes/No Categorical
Duration Annual/Perennial Categorical
Vegetative spread rate Speed of vegetative spread: None/Slow/Moderate/Rapid Ordinal
Total bloom period Total number of months blooming Ordinal



1139Functional stability of vegetation following biocontrol of an invasive riparian shrub﻿	

1 3
Vol.: (0123456789)

(Table  S1). We did not include Tamarix in our cal-
culation of functional metrics because it was used 
as the main factor to create the Tamarix and Control 
subsets, and as an explanatory variable in subsequent 
analyses.

To identify changes over time and the influence 
of Tamarix cover on individual traits, we ran linear 
mixed effects (LME) models using CWM and FDis of 
each L–H–S trait, the multivariate FDis metric, and 
Shannon’s diversity as response variables, and the 
interaction of year and subset type (Tamarix vs. Con-
trol) as fixed factors. Random variables were tran-
sect nested within site, and site nested within reach. 
Tukey post-hoc tests were conducted (P < 0.05). We 
also conducted a second set of LME models with 
Tamarix and Control subsets separately to identify 
potential drivers of functional diversity within each 
type of vegetation. In these models, we used the same 
response variables as above and the cover of the three 
ground cover constituents (bare, coarse litter, and fine 
litter) for the Control subset, plus the cover of live, 
dead Tamarix, and the proportion of dead Tama-
rix (dead/(dead + live)*100) for the Tamarix subset 
as fixed factors. We used a backward selection pro-
cedure and the same random structure as above. All 
mixed effects models were fitted using the maximum 
likelihood method. The significance of all models was 
checked by comparing the full model with all fixed 
and random effects to a null model including only 
random effects (Bolker et al. 2009; a likelihood ratio 
test). For each model, we report the marginal (varia-
tion explained by fixed effects only) and conditional 
(variation explained by fixed and random effects) 
adjusted R2. Lastly, we tested the correlation of Shan-
non’s diversity index with the multivariate FDis using 
Pearson’s correlation coefficient.

All analyses were done in RStudio (1.4.1564 on 
MacOS 10.15.7) using R version 3.6.0 (R Core Team 
2020). Functional metrics were calculated using the 
“dbFD” function of the package “FD” (Laliberté et al. 
2014). LME models were conducted using the func-
tion “lmer” of package “lme4” (Bates et al. 2015) and 
“lme” of the package “nlme” (Pinheiro et  al. 2019). 
Backward selection was conducted with the func-
tion “stepAIC” of the package “MASS” (Venables 
and Ripley 2002). Pearson’s correlation coefficient 
was calculated using the function “pairs.panels” of 
the package “psych” (Revelle 2019). Model diagnos-
tics were run with the functions “r.squaredGLMM” 

of “MuMIn” (Bartoń 2019) and “testDispersion”, 
“testOutliers”, and “testUniformity” of “DHARMa” 
(Hartig 2021). Tukey tests were done with the func-
tion “lsmeans” of the package “lsmeans” (Lenth 
2016).

Results

Changes in L–H–S traits over time and in response to 
biocontrol

Overall, there were slight, statistically significant 
fluctuations in height and SLA community weighted 
means (CWM) and functional dispersion (FDis) over 
time, but none of the indicators changed in accord-
ance with the 2010–2013 Tamarix cover decline and 
2013–2017 recovery caused by biocontrol (Fig.  3 
with observed values, Suppl. Material Figure S1 with 
predicted values by LME). Rather, SLA mean and 
heterogeneity decreased between 2010 and 2012 and 
then returned to 2010 levels by the end of the study 
in 2017, independent of the type of dominant vegeta-
tion (Figs.  3, S1). The community had taller plants 
in 2012 and 2017, particularly in the Tamarix subset, 
with a narrower range as shown by lower diversity. 
The amount of variability explained by time and sub-
set type was low in all cases (adj R2 m < 10%, Fig. 3, 
Suppl. Material Table S4).

The Tamarix and Control subsets consistently dif-
fered only in the case of seed weight CWM with the 
Tamarix subset having heavier seeds than the Control 
subset. Within each subset, the observed patterns in 
L–H–S traits were poorly explained by ground and/or 
Tamarix cover (the latter only in the Tamarix subset; 
all models explained < 7% of the variability; adj R2 m, 
Suppl. Material Table S5).

Species diversity and multivariate functional 
dispersion

Shannon diversity and functional dispersion (using 
all traits included in the study) had a Pearson’s cor-
relation coefficient of 0.70. Both Shannon diversity 
and multivariate functional dispersion decreased from 
2010 to 2012, recovered in 2013, and then declined in 
2017, but the pattern was more marked (Figs. 3 and 
S1), and distinctive (i.e., better explained by the LME 
model) for functional diversity (adj R2 m of 3.3 vs. 
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10.2%, Table S4, Fig. 3). No differences were found 
between the Tamarix and Control subsets. While 
there was higher functional trait diversity associ-
ated with lower Tamarix cover and with higher bare 
ground, fine, and coarse litter cover, Tamarix and 
ground cover generally explained very little of the 
patterns within each subset (adj R2 m < 5%, Suppl. 
Material Table S5).

Discussion

This study is the first to examine the functional 
response of the underlying plant community to 

biocontrol of an invasive species. We found that 
functional dispersion is more sensitive to community 
dynamics than species diversity. While decreased 
Tamarix cover was associated with higher functional 
trait diversity, there was little fluctuation in individ-
ual functional traits in response to the second cycle 
of biocontrol defoliation. There was also little differ-
ence in the functional responses of the plant commu-
nity between patches of vegetation with and without 
Tamarix present. This lack of response specifically 
to the defoliation–refoliation event captured in this 
study provides support for our alternative hypoth-
esis that the community had already stabilized in 
response to the cyclical occurrences of defoliation 

Fig. 3   Observed values for community weighted means and 
dispersion of individual traits, Shannon diversity and multi-
variate functional dispersion from eight traits of Table 1 at the 
Tamarix and Control subsets. Each boxplot represents the val-
ues of all transects with the Tamarix or Control subset for each 
year. The horizontal line within the box represents the median 
cover value; the top and bottom edges of the box represent the 
first and third quartiles. The whiskers extend to the outermost 
datapoint that falls within the first or third quartile ± 1.5*(inter-
quartile range). Outliers exceed the 1.5*interquartile range and 
are indicated with filled circles. The width of the boxplots is 
proportional to the number of transects. Letters indicate homo-
geneous years within Tamarix bands if red and within Control 
bands if blue, after Tukey tests (P < 0.05). n.s., non-significant 
differences between years. Black asterisks indicate differ-

ences between Tamarix and Control subsets, after Tukey tests 
(P < 0.05). On top of each panel, best LME selected from a ste-
pAIC procedure of the MASS package, with the interaction of 
year and subset type as fixed factor, and transect nested within 
site, site nested within river reach as random structure. Adj R2 
m, adjusted marginal R2; Adj R2 c, adjusted conditional R2. 
SLA—Specific leaf area. See model diagnostics coefficients 
and predicted values of LMEs in Supplementary Material 
(Table S4). Three values were excluded from the plot of seed 
mass CWM because they skewed the axis too far to be legi-
ble. Note that the three upper left panels are for CWM and the 
three lower left panels for individual (one trait) FDis. Lower 
right panel is the multivariate FDis, analogous to the Shannon 
diversity above it
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events. It is also possible that variability in impact of 
defoliation over the study area, with some areas not 
being affected, obscured responses in more heavily 
impacted sites, or that Tamarix cover was too low in 
our study sites to affect the plant community substan-
tially. This highlights the importance and need for a 
better understanding the underlying drivers of bio-
control impact (Bean and Dudley 2018; Henry et al. 
2018; Hultine et al. 2015).

Plant community functional dynamics may depend on 
abiotic conditions such as precipitation more strongly 
than on invasive species presence and removal

The main shifts in community weighted mean and 
dispersion of individual traits and diversity meas-
ures occurred in 2012, a year before peak defolia-
tion, suggesting stronger drivers underlying plant 
community change than biocontrol defoliation. 
These changes in community weighted trait values 
and range are likely due to precipitation patterns in 
the study area (Fig. 4). A dry 2012 may have caused 
an overall reduction in herbaceous species, which 
tend to be shorter than other growth forms, and pre-
sumably with higher SLA, between these sampling 
periods. Further, lower SLA species are likely to 
dominate in drought stress scenarios (Wright et  al. 
2004). This would result in the observed increase 
in mean height and decrease in mean SLA. Another 

possibility is that a large flood in June 2011 may 
have scoured and/or buried some herbaceous veg-
etation, but we believe this is unlikely as only some 
transects were partially flooded (field observations) 
and the plant community composition along the 
study transects only changed slightly across topo-
graphic gradients (elevation above river water and 
distance to water’s edge) that theoretically deter-
mine the effects of flooding (González et al. 2020b). 
Additionally, the trait values of 2017 were overall 
similar to those of 2012, and coincidentally, 2017 
was the second driest year of the five analyzed 
(Fig. 4).

Overall, the only consistent difference between 
Tamarix and control patches was in mean seed 
weight; Tamarix patches had heavier seeds. Plants 
with higher seed mass tend to be more stress-toler-
ant (Westoby 1998). This suggests that in our study 
area, Tamarix patches may have had more stress-
ful conditions; there is extensive documentation 
of various sources of stress due to Tamarix domi-
nance, including elevated soil salinity, lower light 
penetrance, altered soil microbiome, and altered 
fire regimes (Sher and Quigley 2013). Nevertheless, 
the overall lack of differences between Tamarix and 
control patches in the rest of functional parameters 
explored provides further evidence that Tamarix 
and its fluctuations were not strong drivers of com-
munity functional composition in the study area.

Fig. 4   Annual total precipitation for the period 1991–2020, 
in columns, as registered in the weather station of Moab, UT 
(#425,733, Western Regional Climate Center 2022). Darker 
columns denote years of survey. The red line indicates the 
normal (median 1991–2020 = 233.9  mm  yr−1). The orange 

line indicates the maximum Enhanced Vegetation Index value 
recorded by year in the study area (Matheson Wetland Pre-
serve), as reported by Nagler et  al. (2018), and is a proxy of 
vegetation greenness that helped us to identify the Tamarix 
defoliation cycles
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Functional diversity was more sensitive than species 
diversity to community dynamics

Our finding that functional dispersion changed over 
time more distinctively than species diversity dem-
onstrates the importance of incorporating functional 
measures of diversity in the study of plant commu-
nities. Given that there were no differences between 
control groups and Tamarix groups for these mod-
els, the drop in functional dispersion in 2012 is more 
likely a result of decreased precipitation that occurred 
in this time period. That the reduction in functional 
diversity happened before peak defoliation (2013) 
further suggests that this was a response to moisture 
availability rather than Tamarix biocontrol. Several 
previous studies have also found that while species 
and functional diversity are often closely linked, 
functional diversity provides information that species 
diversity alone does not (Bejarano et al. 2017; Biswas 
and Mallik 2010; England and Wilkes 2018; Tabac-
chi et  al. 2019). For example, strong selective pres-
sures can reduce functional diversity by filtering for a 
narrow range of strategies, even while species diver-
sity is maintained (Mayfield et al. 2010). Biswas and 
Mallik (2010) found that in highly disturbed riparian 
habitats, species richness and diversity increased as 
functional diversity decreased, likely due to the selec-
tive pressures of high disturbance intensity. In the 
present study, functional and species diversity pat-
terns were more similar, but we think that the slightly 
larger and more distinctive decrease in functional dis-
persion suggests that selective pressures have filtered 
out diverse plant strategies in larger proportion than 
species were reduced.

Weak evidence of influence of invasive Tamarix and 
biocontrol on the range of trait values and community 
averages

A global review found overwhelmingly that invasive 
species negatively impact plant community diversity, 
although this is conditioned by both the abiotic envi-
ronment and biotic interactions (Pyšek et  al. 2012). 
Recently, trait-based studies have shown that invasive 
species tend to reduce plant community functional 
diversity as well as taxonomic diversity (Henry et al. 
2021; Sodhi et  al. 2019; Tordoni et  al. 2019). How-
ever, we found weak, or at least mixed evidence to 
support these findings in our study area. We found 

few differences in community traits between areas 
with no Tamarix present and areas with fluctuating 
Tamarix cover. Additionally, models containing only 
Tamarix areas showed only very weak responses of 
functional diversity indicators to fluctuations in Tam-
arix cover. This provides evidence that, in this case 
study, plant communities were not only taxonomically 
but also functionally resilient to biocontrol, and that 
abiotic factors influenced the plant community more 
strongly than invasive species cover. It is also possi-
ble that Tamarix cover was too low in our study sites 
(ca. 35% in the highest yearly median cover, Fig. 2) to 
have a significant effect on the plant community. This 
also highlights the need to assess biocontrol effects 
on a case-by-case basis (González et al. 2020b).

In U.S. western riparian systems, measuring func-
tional diversity following various Tamarix removal 
methods including follow-up control treatments 
would add to our general understanding of plant com-
munity recovery, resilience and stability. Previous 
research encompassing several major watersheds and 
multiple study sites has found that control methods 
have significantly different effects on both the change 
in Tamarix cover and the resulting plant community, 
and that the effects of mechanical, chemical and burn-
ing methods are generally stronger than biocontrol 
(González et al. 2017; Sher et al. 2018).

Implications for effective management and ecosystem 
functioning

Biocontrol alone is unlikely to permanently reduce 
Tamarix cover or allow for the recovery of a diverse 
understory community in our study area. As bio-
control has been shown to reduce Tamarix less reli-
ably and at lower magnitude than active methods and 
natural disturbance (González et al. 2017; Sher et al. 
2018; González et  al. 2020a, b), additional manage-
ment actions (e.g., other control approaches, restora-
tion actions) may need to be implemented to cause 
lasting change in Tamarix dominance (provided that 
is the main management goal). However, biocontrol 
of an invasive species can be implemented over a 
much larger area whereas other, more active meth-
ods are limited by cost and labor and thus tend to be 
implemented at smaller scales. In this study, we have 
provided evidence that as Tamarix dominance fluctu-
ates, taxonomic and functional diversity are affected, 
but not necessarily as substantially as initially 
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anticipated when the biocontrol program was put in 
place. Within Tamarix patches, functional diversity 
tends to be higher with low Tamarix cover (Table S5, 
see also Henry et al. 2021). Given that low Tamarix 
cover alone is not necessarily associated with higher 
functional diversity (Henry et al. 2021), invasive spe-
cies removal should be combined with active reveg-
etation to accelerate the return of a diverse plant 
community and mitigate the loss of some ecosystem 
services provided by the dominant invasive species 
(Shafroth et  al. 2008). When Tamarix cover is low, 
planting a broad range of life forms with different life 
strategies is more likely to be successful and increase 
functional diversity than Tamarix removal alone.

Abiotic conditions must be considered when antic-
ipating plant community response to invasive species 
control. The changes in Tamarix cover that affect veg-
etation occur in the context of the abiotic environ-
ment and disturbance regime of riparian ecosystems 
(González et al. 2020a, b; Henry et al. 2021). For this 
reason, recovery of functionally diverse plant com-
munities following Tamarix control may be limited 
to the extent that river-flow regulation and climate 
change have altered the abiotic environment. Previ-
ous studies have shown functional diversity in ripar-
ian plant communities is strongly linked to the fre-
quency and duration of peak flows, and that the loss 
of those peak flows leads to a loss of functional diver-
sity (Aguiar et al. 2018; Bejarano et al. 2017; Bruno 
et al. 2016). When revegetation occurs in the context 
of historic flood regimes it results in some functional 
recovery of the plant community (Engst et  al. 2016; 
Fournier et al. 2015).

The recovery of functional diversity has important 
implications for ecosystem functioning and ecosys-
tem services. In the present study, bloom period and 
ability to reproduce vegetatively are two traits that 
contributed to our measure of functional dispersion. 
A greater range in length of bloom periods can influ-
ence several ecosystem functions, such as synchrony 
with pollinators and synchrony with flood regimes to 
ensure continued germination (Bartomeus et al. 2013; 
Stella et  al. 2006). Similarly, variation in the ability 
to reproduce vegetatively may have consequences 
for ecosystem function. Previous studies have shown 
that Tamarix-dominated communities are associated 
with more species that are not able to reproduce veg-
etatively (Henry et al. 2021). Species that reproduce 
vegetatively invest more in below ground biomass 

and so contribute to substrate stability and soil fertil-
ity (de Bello et  al. 2010). Additionally, higher func-
tional diversity may confer resistance to further spe-
cies invasion, buffer against the impacts of extreme 
climate events and provide wildlife habitat (de la Riva 
et al. 2016; Funk et al. 2008; Raynor et al. 2017).

Conclusion

We found that measures of species diversity and 
functional diversity generally followed similar pat-
terns within a context of a second cycle of biocontrol 
defoliation, and overall showed high stability of plant 
communities. However, functional measures were 
slightly more variable over time, as well as likely 
more sensitive to environmental factors such as pre-
cipitation. We found that, in a regulated river where 
a biocontrol agent has been present for more than 
10  years, defoliation-related dieback of an invasive 
species (Tamarix), and its cover generally, has little 
influence on the taxonomic or functional diversity 
of plant communities. However, when Tamarix does 
have an influence, it is to make plant communities 
more functionally specialized. The plant community 
response to peak defoliation and refoliation was minor 
and, apparently, was a smaller response than to yearly 
precipitation. This may suggest an overall resistance 
of the plant community to fluctuations in Tamarix 
cover, that plant communities have gained stability as 
a result of the first defoliation cycle, or both. Further 
studies should be done across the full range of Tama-
rix and Diorhabda abundance, to better understand 
the relationship between the often sudden and dras-
tic defoliation events that Diorhabda can cause and 
to formally test the effects of yearly precipitation on 
plant community traits. This is particularly important 
for anticipating community response in sensitive con-
servation areas, for example, endangered southwest-
ern willow flycatcher breeding habitat where Tamarix 
often occurs and is sometimes used for nesting.

Acknowledgements  We thank S.R. Lee, S.C. Reed, and J. 
Belnap for leading the original plant community data collec-
tion. Thanks to P. Janssen and B. Bourgeois for help with R 
scripts and E. Palmquist for advising on traits. Thanks also 
to Kayleigh Kearnen, Kyla Reiner and James Sheinbaum for 
assistance in trait data collection, and to Julian Scott (Bureau 
of Land Management) for reviewing a final draft of the 
manuscript. Any use of trade, firm, or product names is for 



1144	 A. L. Henry et al.

1 3
Vol:. (1234567890)

descriptive purposes only and does not imply endorsement by 
the U.S. Government.

Authors contribution  All authors conceived the ideas. 
A.L.H. collected the traits data with the advice of all authors. 
A.L.H. and E.G.S. conducted statistical analyses. All authors 
discussed and interpreted the results. A.L.H. and E.G.S. led the 
writing and all authors contributed to the manuscript revisions 
and intellectual content and gave approval for publication.

Funding  The U.S. Geological Survey Invasive Species Pro-
gram supported the original plant community data collection, 
as well as E.G.S.’s collaboration.

Data availability  Data associated with this paper have been 
deposited in a Zonodo digital repository. https://​zenodo.​org/​
record/​75000​99#.​Y7Nrd​ezMJGN

Declaration 

Conflict of interest  The authors have not disclosed any com-
peting interests.

References

Aguiar FC, Segurado P, Martins MJ, Bejarano MD, Nilsson C, 
Portela MM, Merritt DM, Fortin M-J (2018) The abun-
dance and distribution of guilds of riparian woody plants 
change in response to land use and flow regulation. J Appl 
Ecol 55:2227–2240. https://​doi.​org/​10.​1111/​1365-​2664.​
13110

Bartomeus I, Park MG, Gibbs J, Danforth BN, Lakso AN, 
Winfree R (2013) Biodiversity ensures plant-pollinator 
phenological synchrony against climate change. Ecol Lett 
16:1331–1338. https://​doi.​org/​10.​1111/​ele.​12170

Bartoń K (2019) MuMIn: Multi-Model Inference. R package 
version 1.43.6. https://​CRAN.R-​proje​ct.​org/​packa​ge=​
MuMIn.

Bateman HL, Nagler PL, Glenn EP (2013) Plot- and landscape-
level changes in climate and vegetation following defolia-
tion of exotic saltcedar (Tamarix sp.) from the biocontrol 
agent Diorhabda carinulata along a stream in the Mojave 
Desert (USA). J Arid Environ 89:16–20. https://​doi.​org/​
10.​1016/j.​jarid​env.​2012.​09.​011

Bates D, Maechler M, Boker B, Walker S (2015) Fitting linear 
mixed-effects models using lme4. J Stat Softw 67:1–48

Bean DW, Dudley T (2018) A synoptic review of Tamarix 
biocontrol in North America: tracking success in the 
midst of controversy. Biocontrol. https://​doi.​org/​10.​1007/​
s10526-​018-​9880-x

Bean DW, Dudley T, Hultine KR (2013) Bring on the beetles! 
History and impact of tamarisk biological control. Tam-
arix: a case study of ecological change in the American 
West. Oxford University Press, New York, pp 377–403

Bejarano MD, Nilsson C, Aguiar FC (2017) Riparian plant 
guilds become simpler and most likely fewer following 
flow regulation. J Appl Ecol 55:365–376. https://​doi.​org/​
10.​1111/​1365-​2664.​12949

Biswas SR, Mallik AU (2010) Disturbance effects on species 
diversity and functional diversity in riparian and upland 
plant communities. Ecology 91:28–35. https://​doi.​org/​
10.​1890/​08-​0887.1

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, 
Stevens MHH, White J-SS (2009) Generalized linear 
mixed models: a practical guide for ecology and evolu-
tion. Trends Ecol Evol 24:127–135. https://​doi.​org/​10.​
1016/j.​tree.​2008.​10.​008

Bonham CD (1989) Measurements of terrestrial vegetation. 
Wiley, New York

Brice M-H, Pellerin S, Poulin M (2016) Environmental filter-
ing and spatial processes in urban riparian forests. J Veg 
Sci 27:1023–1035. https://​doi.​org/​10.​1111/​jvs.​12425

Bruno D, Gutiérrez-Cánovas C, Sánchez-Fernández D, 
Velasco J, Nilsson C (2016) Impacts of environmental 
filters on functional redundancy in riparian vegetation. 
J Appl Ecol 53:846–855. https://​doi.​org/​10.​1111/​1365-​
2664.​12619

de Bello F, Lavorel S, Díaz S, Harrington R, Cornelissen JHC, 
Bardgett RD, Berg MP, Cipriotti P, Feld CK, Hering D, 
Martins da Silva P, Potts SG, Sandin L, Sousa JP, Storkey 
J, Wardle DA, Harrison PA (2010) Towards an assessment 
of multiple ecosystem processes and services via func-
tional traits. Biodivers Conserv 19:2873–2893. https://​doi.​
org/​10.​1007/​s10531-​010-​9850-9

De Loach CJ, Lewis PA, Herr JC, Carruthers RI, Tracy JL, 
Johnson J (2003) Host specificity of the leaf beetle, 
Diorhabda elongata deserticola (Coleoptera: Chrysomeli-
dae) from Asia, a biological control agent for saltcedars 
(Tamarix: Tamaricaceae) in the western United States. 
USDA-ARS 34. http://​digit​alcom​mons.​unl.​edu/​usdaa​rsfac​
pub/​324

de la Riva EG, Lloret F, Pérez-Ramos IM, Marañón T, Saura-
Mas S, Díaz-Delgado R, Villar R (2016) The importance 
of functional diversity in the stability of Mediterranean 
shrubland communities after the impact of extreme cli-
matic events. J Plant Ecol rtw027. https://​doi.​org/​10.​1093/​
jpe/​rtw027

England J, Wilkes MA (2018) Does river restoration work? 
Taxonomic and functional trajectories at two restoration 
schemes. Sci Total Environ 618:961–970. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2017.​09.​014

Engst K, Baasch A, Erfmeier A, Jandt U, May K, Schmiede 
R, Bruelheide H (2016) Functional community ecology 
meets restoration ecology: assessing the restoration suc-
cess of alluvial floodplain meadows with functional traits. 
J Appl Ecol 53:751–764. https://​doi.​org/​10.​1111/​1365-​
2664.​12623

Fournier B, Gillet F, Le Bayon R-C, Mitchell EAD, Moretti M 
(2015) Functional responses of multitaxa communities to 
disturbance and stress gradients in a restored floodplain. 
J Appl Ecol 52:1364–1373. https://​doi.​org/​10.​1111/​1365-​
2664.​12493

Funk JL, Cleland EE, Suding KN, Zavaleta ES (2008) Restora-
tion through reassembly: plant traits and invasion resist-
ance. Trends Ecol Evol 23:695–703. https://​doi.​org/​10.​
1016/j.​tree.​2008.​07.​013

Funk JL, Larson JE, Ames GM, Butterfield BJ, Cavender-
Bares J, Firn J, Laughlin DC, Sutton-Grier AE, Williams 
L, Wright J (2017) Revisiting the Holy Grail: using plant 

https://zenodo.org/record/7500099#.Y7NrdezMJGN
https://zenodo.org/record/7500099#.Y7NrdezMJGN
https://doi.org/10.1111/1365-2664.13110
https://doi.org/10.1111/1365-2664.13110
https://doi.org/10.1111/ele.12170
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1016/j.jaridenv.2012.09.011
https://doi.org/10.1016/j.jaridenv.2012.09.011
https://doi.org/10.1007/s10526-018-9880-x
https://doi.org/10.1007/s10526-018-9880-x
https://doi.org/10.1111/1365-2664.12949
https://doi.org/10.1111/1365-2664.12949
https://doi.org/10.1890/08-0887.1
https://doi.org/10.1890/08-0887.1
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1111/jvs.12425
https://doi.org/10.1111/1365-2664.12619
https://doi.org/10.1111/1365-2664.12619
https://doi.org/10.1007/s10531-010-9850-9
https://doi.org/10.1007/s10531-010-9850-9
http://digitalcommons.unl.edu/usdaarsfacpub/324
http://digitalcommons.unl.edu/usdaarsfacpub/324
https://doi.org/10.1093/jpe/rtw027
https://doi.org/10.1093/jpe/rtw027
https://doi.org/10.1016/j.scitotenv.2017.09.014
https://doi.org/10.1016/j.scitotenv.2017.09.014
https://doi.org/10.1111/1365-2664.12623
https://doi.org/10.1111/1365-2664.12623
https://doi.org/10.1111/1365-2664.12493
https://doi.org/10.1111/1365-2664.12493
https://doi.org/10.1016/j.tree.2008.07.013
https://doi.org/10.1016/j.tree.2008.07.013


1145Functional stability of vegetation following biocontrol of an invasive riparian shrub﻿	

1 3
Vol.: (0123456789)

functional traits to understand ecological processes. Biol 
Rev 92:1156–1173. https://​doi.​org/​10.​1111/​brv.​12275

Gaskin JF (2013) Genetics of Tamarix, in: Tamarix: A Case 
Study of Ecological Change in the American West. 
Oxford University Press, New York.

González E, Sher AA, Tabacchi E, Masip A, Poulin M (2015) 
Restoration of riparian vegetation: a global review of 
implementation and evaluation approaches in the inter-
national, peer-reviewed literature. J Environ Manage 
158:85–94. https://​doi.​org/​10.​1016/j.​jenvm​an.​2015.​04.​
033

González, E., Sher, A.A., Anderson, R.M., Bay, R.F., Bean, 
D.W., Bissonnete, G.J., Bourgeois, B., Cooper, D.J., 
Dohrenwend, K., Eichhorst, K.D., El Waer, H., Kennard, 
D.K., Harms-Weissinger, R., Henry, A.L., Makarick, L.J., 
Ostoja, S.M., Reynolds, L.V., Robinson, W.W., Shafroth, 
P.B., 2017. Vegetation response to invasive Tamarix con-
trol in southwestern U.S. rivers: a collaborative study 
including 416 sites. Ecological Applications 27, 1789–
1804. https://​doi.​org/​10.​1002/​eap.​1566

González E, Shafroth PB, Lee SR, Ostoja SM, Brooks ML 
(2020a) Combined effects of biological control of an 
invasive shrub and fluvial processes on riparian veg-
etation dynamics. Biol Invasions. https://​doi.​org/​10.​1007/​
s10530-​020-​02259-9

González E, Shafroth PB, Lee SR, Reed SC, Belnap J (2020b) 
Riparian plant communities remain stable in response to a 
second cycle of Tamarix biocontrol defoliation. Wetlands. 
https://​doi.​org/​10.​1007/​s13157-​020-​01381-7

Hartig F (2021) DHARMa: Residual Diagnostics for Hierar-
chical (Multi-Level / Mixed) Regression Models. R pack-
age version 0.4.4. https://​CRAN.R-​proje​ct.​org/​packa​ge=​
DHARMa.

Henry AL, González E, Robinson WW, Bourgeois B, Sher AA 
(2018) Spatial modeling improves understanding patterns 
of invasive species defoliation by a biocontrol herbivore. 
Biol Invasions 20:3545–3562

Henry AL, González E, Bourgeois B, Sher AA (2021) Invasive 
tree cover covaries with environmental factors to explain 
the functional composition of riparian plant communities. 
Oecologia. https://​doi.​org/​10.​1007/​s00442-​021-​04990-z

Hultine KR, Bean DW, Dudley TL, Gehring CA (2015) Spe-
cies introductions and their cascading impacts on biotic 
interactions in desert riparian ecosystems. Integr Comp 
Biol 55:587–601. https://​doi.​org/​10.​1093/​icb/​icv019

Janssen P, Stella JC, Piégay H, Räpple B, Pont B, Faton J-M, 
Cornelissen JHC, Evette A (2020) Divergence of ripar-
ian forest composition and functional traits from natural 
succession along a degraded river with multiple stressor 
legacies. Sci Total Environ 721:137730. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2020.​137730

Jeliazkov A, Mijatovic D, Chantepie S, Andrew N, Arlet-
taz R, Barbaro L, Barsoum N, Bartonova A, Bels-
kaya E, Bonada N, Brind’Amour A, Carvalho R, Cas-
tro H, Chmura D, Choler P, Chong-Seng K, Cleary D, 
Cormont A, Cornwell W, de Campos R, de Voogd N, 
Doledec S, Drew J, Dziock F, Eallonardo A, Edgar MJ, 
Farneda F, Hernandez DF, Frenette-Dussault C, Fried 
G, Gallardo B, Gibb H, Gonçalves-Souza T, Higuti J, 
Humbert J-Y, Krasnov BR, Saux EL, Lindo Z, Lopez-
Baucells A, Lowe E, Marteinsdottir B, Martens K, 

Meffert P, Mellado-Díaz A, Menz MHM, Meyer CFJ, 
Miranda JR, Mouillot D, Ossola A, Pakeman R, Pavoine 
S, Pekin B, Pino J, Pocheville A, Pomati F, Poschlod P, 
Prentice HC, Purschke O, Raevel V, Reitalu T, Renema 
W, Ribera I, Robinson N, Robroek B, Rocha R, Shieh 
S-H, Spake R, Staniaszek-Kik M, Stanko M, Tejerina-
Garro FL, ter Braak C, Urban MC, van Klink R, Villéger 
S, Wegman R, Westgate MJ, Wolff J, Żarnowiec J, Zolo-
tarev M, Chase JM (2020) A global database for meta-
community ecology, integrating species, traits, environ-
ment and space. Scientific Data 7:6. https://​doi.​org/​10.​
1038/​s41597-​019-​0344-7

Kattge J, Boenish G, Diaz S et al (2020) TRY plant trait data-
base—enhanced coverage and open access. Glob Change 
Biol 26:119–188. https://​doi.​org/​10.​1111/​gcb.​14904

Keddy P (1992) Assembly and response rules: two goals for 
predictive community ecology. J Veg Sci 3:157–164

Kennard D, Louden N, Gemoets D, Ortega S, González E, 
Bean DW, Cunningham P, Johnson T, Rosen K, Stahlke A 
(2016) Tamarix dieback and vegetation patterns following 
release of the northern tamarisk beetle (Diorhabda cari-
nulata) in western Colorado. Biol Control 101:114–122. 
https://​doi.​org/​10.​1016/j.​bioco​ntrol.​2016.​07.​004

Kettenring KM, Adams CR (2011) Lessons learned from inva-
sive plant control experiments: a systematic review and 
meta-analysis: invasive plant control experiments. J Appl 
Ecol 48:970–979. https://​doi.​org/​10.​1111/j.​1365-​2664.​
2011.​01979.x

Laliberté E, Legendre P (2010) A distance-based framework 
for measuring functional diversity from multiple traits. 
Ecology 91:299–305. https://​doi.​org/​10.​1890/​08-​2244.1

Laliberté E, Legendre P, Shipley B (2014) FD: measuring 
functional diversity from multiple traits, and other tools 
for functional ecology. R package version 1.0–12.

Laughlin DC (2014) Applying trait-based models to achieve 
functional targets for theory-driven ecological restoration. 
Ecol Lett 17:771–784. https://​doi.​org/​10.​1111/​ele.​12288

Lavorel S, Grigulis K, McIntyre S, Williams NSG, Garden D, 
Dorrough J, Berman S, Quétier F, Thébault A, Bonis A 
(2008) Assessing functional diversity in the field – meth-
odology matters! Funct Ecol 071124124908001-000. 
https://​doi.​org/​10.​1111/j.​1365-​2435.​2007.​01339.x

Lenth RV (2016) Least-Squares Means: The R Package 
lsmeans. J Stat Softw 69:1–33. https://​doi.​org/​10.​18637/​
jss.​v069.​i01

Mayfield MM, Bonser SP, Morgan JW, Aubin I, McNamara 
S, Vesk PA (2010) What does species richness tell us 
about functional trait diversity? Predictions and evidence 
for responses of species and functional trait diversity to 
land-use change. Global Eco Biogeogr. https://​doi.​org/​10.​
1111/j.​1466-​8238.​2010.​00532.x

McGill B, Enquist B, Weiher E, Westoby M (2006) Rebuilding 
community ecology from functional traits. Trends Ecol 
Evol 21:178–185. https://​doi.​org/​10.​1016/j.​tree.​2006.​02.​
002

McNeish RE, Benbow ME, McEwan RW (2017) Removal of 
the invasive shrub, Lonicera maackii (amur honeysuckle), 
from a headwater stream riparian zone shifts taxonomic 
and functional composition of the aquatic biota. Invasive 
Plant Sci Manage 10:232–246. https://​doi.​org/​10.​1017/​
inp.​2017.​22

https://doi.org/10.1111/brv.12275
https://doi.org/10.1016/j.jenvman.2015.04.033
https://doi.org/10.1016/j.jenvman.2015.04.033
https://doi.org/10.1002/eap.1566
https://doi.org/10.1007/s10530-020-02259-9
https://doi.org/10.1007/s10530-020-02259-9
https://doi.org/10.1007/s13157-020-01381-7
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.1007/s00442-021-04990-z
https://doi.org/10.1093/icb/icv019
https://doi.org/10.1016/j.scitotenv.2020.137730
https://doi.org/10.1016/j.scitotenv.2020.137730
https://doi.org/10.1038/s41597-019-0344-7
https://doi.org/10.1038/s41597-019-0344-7
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1016/j.biocontrol.2016.07.004
https://doi.org/10.1111/j.1365-2664.2011.01979.x
https://doi.org/10.1111/j.1365-2664.2011.01979.x
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1111/ele.12288
https://doi.org/10.1111/j.1365-2435.2007.01339.x
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1111/j.1466-8238.2010.00532.x
https://doi.org/10.1111/j.1466-8238.2010.00532.x
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1017/inp.2017.22
https://doi.org/10.1017/inp.2017.22


1146	 A. L. Henry et al.

1 3
Vol:. (1234567890)

Modiba RV, Joseph GS, Seymour CL, Fouché P, Foord SH 
(2017) Restoration of riparian systems through clearing 
of invasive plant species improves functional diversity 
of Odonate assemblages. Biol Cons 214:46–54. https://​
doi.​org/​10.​1016/j.​biocon.​2017.​07.​031

Nagler PL, Glenn EP, Jarnevich CS, Shafroth PB (2011) Dis-
tribution and abundance of saltcedar and russian olive 
in the western United States. Crit Rev Plant Sci 30:508–
523. https://​doi.​org/​10.​1080/​07352​689.​2011.​615689

Nagler PL, Pearlstein S, Glenn EP, Brown TB, Bateman HL, 
Bean DW, Hultine KR (2014) Rapid dispersal of salt-
cedar (Tamarix spp.) biocontrol beetles (Diorhabda 
carinulata) on a desert river detected by phenocams, 
MODIS imagery and ground observations. Remote Sens 
Environ 140:206–219. https://​doi.​org/​10.​1016/j.​rse.​
2013.​08.​017

Nagler PL, Nguyen U, Bateman HL, Jarchow CJ, Glenn EP, 
Waugh WJ, van Riper C (2018) Northern tamarisk bee-
tle (Diorhabda carinulata) and tamarisk (Tamarix spp.) 
interactions in the Colorado River basin. Restor Ecol 
26:348–359. https://​doi.​org/​10.​1111/​rec.​12575

O’Leary B, Burd M, Venn SE, Gleadow R (2018) Integrating 
the Passenger-Driver hypothesis and plant community 
functional traits to the restoration of lands degraded by 
invasive trees. For Ecol Manage 408:112–120. https://​doi.​
org/​10.​1016/j.​foreco.​2017.​10.​043

Palmquist EC, Ralston BE, Sarr D, Merritt DM, Shafroth PB, 
Scott JA (2017) Functional traits and ecological affini-
ties of riparian plants along the Colorado River in Grand 
Canyon. Western North American Naturalist 77:22–30. 
https://​doi.​org/​10.​3398/​064.​077.​0104

Pilotto F, Tonkin JD, Januschke K, Lorenz AW, Jourdan J, Sun-
dermann A, Hering D, Stoll S, Haase P (2019) Diverg-
ing response patterns of terrestrial and aquatic species to 
hydromorphological restoration. Conserv Biol 33:132–
141. https://​doi.​org/​10.​1111/​cobi.​13176

Pinheiro J, Bates D, DebRoy S, Sarkar D (2019) nlme: Linear 
and nonlinear mixed effects models (https://​CRAN.R-​
proje​ct.​org/​packa​ge=​nlme). R Core Team.

Pyšek P, Jarošík V, Hulme PE, Pergl J, Hejda M, Schaffner 
U, Vilà M (2012) A global assessment of invasive plant 
impacts on resident species, communities and ecosystems: 
the interaction of impact measures, invading species’ 
traits and environment. Glob Change Biol 18:1725–1737. 
https://​doi.​org/​10.​1111/j.​1365-​2486.​2011.​02636.x

R Core Team (2020) R: A language and environment for sta-
tistical computing (https://​www.R-​proje​ct.​org/. R Founda-
tion for Statistical Computing, Vienna, Austria.

Rasmussen CG, Shafroth PB (2016) Conservation Planning for 
the Colorado River in Utah. Colorado Mesa University.

Raynor EJ, Cable TT, Sandercock BK (2017) Effects of Tama-
rix removal on the community dynamics of riparian birds 
in a semiarid grassland. Restor Ecol 25:778–787. https://​
doi.​org/​10.​1111/​rec.​12497

Revelle, W., 2019. psych: Procedures for personality and psy-
chological research (http://​CRAN.R-​proje​ct.​org/​packa​ge=​
psych) Version = 1.9.12. Northwestern University, Evan-
ston, Illinois, USA.

Shafroth PB, Beauchamp VB, Briggs MK, Lair K, Scott ML, 
Sher AA (2008) Planning riparian restoration in the 
context of Tamarix control in western North America. 

Restor Ecol 16:97–112. https://​doi.​org/​10.​1111/j.​1526-​
100X.​2008.​00360.x

Shafroth PB, Belnap J, Geiger EL, González E, Lee SR, 
Reed SC, Smith HL, Wahlig EG (2020) Riparian veg-
etation, topography, and ground cover constituents 
along the Upper Colorado River near Moab, UT (2010–
2017) (ver. 1.1, Oct 2022): U.S. Geological Survey data 
release. https://​doi.​org/​10.​5066/​P9EFZ​VG8.

Sher AA, Quigley MF (eds) (2013) Tamarix: a case study of 
ecological change in the American West. Oxford Uni-
versity Press, Oxford

Sher AA, El Waer H, González E, Anderson R, Henry AL, 
Biedron R, Yue P (2018) Native species recovery after 
reduction of an invasive tree by biological control with 
and without active removal. Ecol Eng 111:167–175. 
https://​doi.​org/​10.​1016/j.​ecole​ng.​2017.​11.​018

Sodhi DS, Livingstone SW, Carboni M, Cadotte MW (2019) 
Plant invasion alters trait composition and diversity 
across habitats. Ecol Evolut, ece3.5130. https://​doi.​org/​
10.​1002/​ece3.​5130

Sogge MK, Paxton EH, van Riper C (2013) Tamarisk in 
riparian woodlands: a bird’s eye view. In: Sher AA, 
Quigley MF (eds) Tamarix: a case study of ecological 
change in the American West. Oxford University Press, 
New York, pp 189–206

Stella JC, Battles JJ, Orr BK, McBride JR (2006) Synchrony 
of seed dispersal, hydrology and local climate in a semi-
arid river reach in California. Ecosystems 9:1200–1214. 
https://​doi.​org/​10.​1007/​s10021-​005-​0138-y

Stromberg JC, Merritt DM (2015) Riparian plant guilds of 
ephemeral, intermittent and perennial rivers. Freshw 
Biol 61:1259–1275. https://​doi.​org/​10.​1111/​fwb.​12686

Suding KN, Goldberg D (2001) Do disturbances alter com-
petitive hierarchies? Mechanisms of change following 
gap creation. Ecology 82:2133–2149

Tabacchi E, González E, Corenblit D, Garófano‐Gómez V, 
Planty‐Tabacchi A, Steiger J (2019) Species composi-
tion and plant traits: Characterization of the biogeomor-
phological succession within contrasting river corridors. 
River Res Appl rra.3511. https://​doi.​org/​10.​1002/​rra.​
3511

Tordoni E, Petruzzellis F, Nardini A, Savi T, Bacaro G 
(2019) Make it simpler: Alien species decrease func-
tional diversity of coastal plant communities. J Veg Sci 
30:498–509. https://​doi.​org/​10.​1111/​jvs.​12734

U.S. Climate Data (2019) https://​www.​uscli​mated​ata.​com/​
clima​te/​united-​states/​us. Last accessed on 18-Nov-2019.

Venables W, Ripley B (2002) Modern applied statistics with 
S, 4th edn. Springer, New York

Westoby M (1998) A leaf-height-seed (LHS) plant ecology 
strategy scheme. Plant Soil 199:213–227

Western Regional Climate Center (2022) https://​wrcc.​dri.​
edu/​cgi-​bin/​cliMA​IN.​pl?​ut5733. Last accessed on Feb-
ruary 4th, 2022.

Woodcock BA, McDonald AW, Pywell RF (2011) Can long-
term floodplain meadow recreation replicate species 
composition and functional characteristics of target 
grasslands?: Long-term grassland restoration. J Appl 
Ecol 48:1070–1078. https://​doi.​org/​10.​1111/j.​1365-​
2664.​2011.​02029.x

https://doi.org/10.1016/j.biocon.2017.07.031
https://doi.org/10.1016/j.biocon.2017.07.031
https://doi.org/10.1080/07352689.2011.615689
https://doi.org/10.1016/j.rse.2013.08.017
https://doi.org/10.1016/j.rse.2013.08.017
https://doi.org/10.1111/rec.12575
https://doi.org/10.1016/j.foreco.2017.10.043
https://doi.org/10.1016/j.foreco.2017.10.043
https://doi.org/10.3398/064.077.0104
https://doi.org/10.1111/cobi.13176
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1111/j.1365-2486.2011.02636.x
https://www.R-project.org/
https://doi.org/10.1111/rec.12497
https://doi.org/10.1111/rec.12497
http://CRAN.R-project.org/package=psych
http://CRAN.R-project.org/package=psych
https://doi.org/10.1111/j.1526-100X.2008.00360.x
https://doi.org/10.1111/j.1526-100X.2008.00360.x
https://doi.org/10.5066/P9EFZVG8
https://doi.org/10.1016/j.ecoleng.2017.11.018
https://doi.org/10.1002/ece3.5130
https://doi.org/10.1002/ece3.5130
https://doi.org/10.1007/s10021-005-0138-y
https://doi.org/10.1111/fwb.12686
https://doi.org/10.1002/rra.3511
https://doi.org/10.1002/rra.3511
https://doi.org/10.1111/jvs.12734
https://www.usclimatedata.com/climate/united-states/us
https://www.usclimatedata.com/climate/united-states/us
https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?ut5733
https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?ut5733
https://doi.org/10.1111/j.1365-2664.2011.02029.x
https://doi.org/10.1111/j.1365-2664.2011.02029.x


1147Functional stability of vegetation following biocontrol of an invasive riparian shrub﻿	

1 3
Vol.: (0123456789)

Wortley L, Hero J-M, Howes M (2013) Evaluating ecological 
restoration success: a review of the literature. Restor Ecol 
21:537–543. https://​doi.​org/​10.​1111/​rec.​12028

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, 
Bongers F, Cavender-Bares J, Chapin T, Cornelissen JHC, 
Diemer M, Flexas J, Garnier E, Groom PK, Gulias J, 
Hikosaka K, Lamont BB, Lee T, Lee W, Lusk C, Midgley 
JJ, Navas M-L, Niinemets Ü, Oleksyn J, Osada N, Poorter 

H, Poot P, Prior L, Pyankov VI, Roumet C, Thomas SC, 
Tjoelker MG, Veneklaas EJ, Villar R (2004) The world-
wide leaf economics spectrum. Nature 428:821–827. 
https://​doi.​org/​10.​1038/​natur​e02403

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1111/rec.12028
https://doi.org/10.1038/nature02403

	Functional stability of vegetation following biocontrol of an invasive riparian shrub
	Abstract 
	Introduction
	Methods
	Study area
	Data collection
	Field surveysvegetation
	Trait data

	Statistical analysis

	Results
	Changes in L–H–S traits over time and in response to biocontrol
	Species diversity and multivariate functional dispersion

	Discussion
	Plant community functional dynamics may depend on abiotic conditions such as precipitation more strongly than on invasive species presence and removal
	Functional diversity was more sensitive than species diversity to community dynamics
	Weak evidence of influence of invasive Tamarix and biocontrol on the range of trait values and community averages
	Implications for effective management and ecosystem functioning

	Conclusion
	Acknowledgements 
	Anchor 20
	References




