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A B S T R A C T

Control of invasive species within ecosystems may induce secondary invasions of non-target invaders replacing
the first alien. We used four plant species listed as noxious by local authorities in riparian systems to discern
whether 1) the severity of these secondary invasions was related to the control method applied to the first alien;
and 2) which species that were secondary invaders persisted over time. In a collaborative study by 16 research
institutions, we monitored plant species composition following control of non-native Tamarix trees along
southwestern U.S. rivers using defoliation by an introduced biocontrol beetle, and three physical removal
methods: mechanical using saws, heavy machinery, and burning in 244 treated and 79 untreated sites across six
U.S. states. Physical removal favored secondary invasions immediately after Tamarix removal (0–3 yrs.), while in
the biocontrol treatment, secondary invasions manifested later (> 5 yrs.). Within this general trend, the re-
sponse of weeds to control was idiosyncratic; dependent on treatment type and invader. Two annual tum-
bleweeds that only reproduce by seed (Bassia scoparia and Salsola tragus) peaked immediately after physical
Tamarix removal and persisted over time, even after herbicide application. Acroptilon repens, a perennial forb
that vigorously reproduces by rhizomes, and Bromus tectorum, a very frequent annual grass before removal that
only reproduces by seed, were most successful at biocontrol sites, and progressively spread as the canopy layer
opened. These results demonstrate that strategies to control Tamarix affect secondary invasions differently
among species and that time since disturbance is an important, generally overlooked, factor affecting response.
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1. Introduction

Ironically, human actions devoted to control of invaders often create
additional anthropogenic disturbance that can result in secondary in-
vasions, defined here as the proliferation of non-target invasive species,
frequently referred as to weeds, after a complete or partial local era-
dication of the first, targeted alien (Pearson et al., 2016). The threat of
secondary invasions is very high in most ecosystems, as these often
contain multiple, subordinate exotic, potentially invasive species which
can respond quickly once competitive pressure by the primary species is
removed (Hulme and Bremner, 2006; Hulme et al., 2013; Kuebbing
et al., 2013). For example, removal of invasive tree canopy layers may
increase light resources in the understory and allow the proliferation of
shade-intolerant invasive grasses that remained subdominant in the
system before human intervention (e.g., Loo et al., 2009). However, soil
disturbance during removal of targets has also been found to suppress
secondary invaders one year later (Sher et al., 2008). Secondary inva-
sions therefore represent an opportunity to understand how exotic
species respond idiosyncratically to a given management-related dis-
turbance. Unlike the initial invasion, the new disturbance will be de-
liberately imposed by humans when controlling the first invader, and
therefore, easier to control in experimental designs. In a recently pub-
lished meta-analysis of 60 cases of secondary plant invasions, Pearson
et al. (2016) found that their severity was positively correlated to re-
ductions in the target alien, but not to control method or intensity of
disturbance. However, the authors also found that specific case studies
revealed that management itself can foster secondary invasions.

Control of invasive Tamarix spp. (tamarisk, saltcedar) in riparian
systems is an ideal case to study the effects of different types of an-
thropogenic disturbance on secondary invasions of different weeds.
Eurasian species of the genus Tamarix and their hybrids have invaded
extensively along southwestern U.S. rivers since they were introduced
in the early 1800s for ornamental, windbreak and erosion control
purposes, and are now the third most frequent and second most
abundant in cover of riparian trees in western North America (Friedman
et al., 2005). Although Tamarix were establishing and spreading before
the advent of the dam-building era in the western U.S. (Birken and
Cooper, 2006), their naturalization and rapid expansion was partly
facilitated by hydro-geomorphic regime alterations caused by dam
regulation and exploitation of water resources in the twentieth century
(Stromberg et al., 2007; Merritt and Poff, 2010). Once established,
Tamarix can contribute further to riparian habitat alteration, for ex-
ample by altering abiotic and biotic conditions (e.g., floodplain ag-
gradation, salt accumulation, change of microbial soil communities and
light availability), which has led to its characterization as both pas-
senger and driver of ecosystem change (Johnson, 2013).

Efforts to control Tamarix invasion in the U.S. have been very in-
tense in recent decades. Years of trials with diverse mechanical, che-
mical and biological techniques have gradually kept stable and even
reduced Tamarix populations in many locations (Harms and Hiebert,
2006; Belote et al., 2010; Hultine et al., 2010; Ostoja et al., 2014,
Kennard et al., 2016; González et al., 2017). However, even if Tamarix
is successfully controlled, legacy effects on the ecosystem combined
with the conditions that allowed the initial invasion may favor the es-
tablishment and proliferation of several other exotic weeds (Shafroth
et al., 2008; Hultine et al., 2010; González et al., 2017).

Despite its great potential for helping to understand biological in-
vasions and informing management of riverscapes, quantitative reports
of the severity of secondary invasions in post Tamarix-treated riparian
systems remain local, often from single sites or river reaches (e.g., Sher
et al., 2008; Ransom et al., 2012; Douglass, 2013; Ostoja et al., 2014;
Kennard et al., 2016) or with too few site replicates to evaluate the
scale of their impact at a regional level (Harms and Hiebert, 2006; Bay
and Sher, 2008). This contrasts to a significant effort by the scientific
community to investigate the spatial scope of primary invasions, no-
tably of Tamarix spp. and Elaeagnus angustifolia (Russian olive), in

southwestern U.S. rivers (e.g., Friedman et al., 2005; Nagler et al.,
2011; Jarnevich et al., 2013; McShane et al., 2015). In addition, studies
exploring the causes underlying the existence and severity of secondary
invasions in southwestern U.S. rivers following Tamarix control are
surprisingly rare. In particular, the weed-specific responses to the wide
array of existing techniques for Tamarix control remain largely un-
explored. To our knowledge, only Sher et al. (2008) found a (negative)
relationship between the intensity of control related-disturbance and
response of one exotic weed: Bromus tectorum (cheatgrass), but their
observations were limited to only one year after removal. In one study
including 244 removal sites, González et al. (2017) found that some
physical removal methods (i.e., burning and mechanical removal using
heavy machinery) created site conditions more prone to invasions of
exotic forbs than saw-cutting and biocontrol, but did not make any
distinction between species of invaders.

With few long-term studies, even less attention has been placed on
the persistence of secondary invasions over time (Pearson et al., 2016).
This has important consequences for management, as fewer resources
for eradication should be allocated if the weeds will disappear naturally
in the absence of further disturbance of the same type or intensity that
facilitated their arrival and/or proliferation. In the case of Tamarix
control, González et al. (2017) found that the abundance of exotic
weeds decreased in ten sites that received only biological control over
three years of monitoring but was stable or even increased in sites
subjected to physical removal methods (mechanical cutting, heavy
machinery and burning) and when larger spatial (i.e., river catchment)
and temporal (i.e., 5 years on average) scales were taken into account.
They suggested that the inherently disturbed riparian systems, the weak
recovery of competing native species, and the inefficiency of follow-up
herbicide treatments could explain the persistence of weeds. However,
the specific responses of the multiple secondary invaders over time
were not explored.

Here, we assessed vegetation response across Tamarix control
treatments and selected the exotic weed species with the highest po-
tential to become secondary invaders in the context of Tamarix control
along southwestern U.S. rivers. We used this information to answer the
following questions: 1) How does control method influence the severity
of secondary invasions? 2) How does the severity of secondary inva-
sions change over time and does the temporal trajectory differ as a
function of control method?

2. Materials and methods

2.1. Study sites

Vegetation response after Tamarix control was monitored in 244
sites distributed on floodplains and streambanks of two of the largest
catchments in the American West, the Colorado River and Rio Grande,
and some of their major and minor tributaries (Fig. 1). The sites
spanned ca. 350,000 km2 across six U.S. states: Arizona, California,
Colorado, Nevada, New Mexico and Utah. To be included in the study, a
site must have been subjected to Tamarix control by at least one of the
following four methods: prescribed or accidental burning of Tamarix
stands (“burn”, 33 sites); mechanical removal using heavy machinery
such as root plows, mowers or bulldozers (“heavy machinery”, 57 sites);
or using chain or hand saws (“cut”, 99 sites), and defoliation by the
biocontrol beetle, Diorhabda spp. (“biocontrol”, 55 sites). When sites
were subject to more than one method, the site was labeled with the
method of the highest disturbance (i.e., burn > heavy > cut >
biocontrol). It is important to note that they are different types of dis-
turbance, with different effects on secondary plant invaders. Biocontrol,
for example, does not cause soil physical disturbance but its effects on
vegetation are cumulative over time with successive defoliations.
Burning was considered to have the greatest disturbance because it
affects both chemical and physical fluxes of nutrients (Sher and Hyatt,
1999; González et al., 2017), even though the effects on soil physical
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disturbance in particular may be higher for the heavy machinery
treatment. Biocontrol was frequently combined with any of the three
physical removal methods, but combining burning, heavy machinery
and saw-cutting was very rare. Tamarix control was sometimes followed
up with chemical treatment of noxious weeds (aerially or from the
ground; 56 sites). On-site burning of the Tamarix stems and debris
stacked in piles after removal to reduce transportation costs was a
common practice but not considered either as a treatment for control-
ling Tamarix or as a follow-up method. The treatments could be applied
simultaneously during the same year or in sequential steps over several
years, but homogeneously across the entire site.

Vegetation was also sampled in 79 reference sites that represented a
starting point for Tamarix control (undesirable reference sites here-
after), either theoretically (i.e., model site with undesired abundance of
Tamarix, 36 sites) or practically (i.e., site before Tamarix control, 43
sites). Most of the undesirable reference sites were paired with treated
sites. Each site, treated and undesirable reference, corresponded to a
single geomorphic unit (i.e., a distinctive fluvial landform such as a
gravel or sand bar, flood deposit, channel margin, abandoned channel,
off-channel depression, floodplain terrace, etc.). Some treated (93) and
some undesirable reference (11) sites were sampled several years,
making a total of 598 observations (i.e., site sampled at a given year;
Table 1).

2.2. Vegetation surveys

Vegetation surveys measured cover of all plant species at each site
estimated visually in rectangular or circular plots or using the point or
line intercept method along transects (Table A).

2.3. Selection of exotic weeds with potential to become secondary invasions

A total of 547 taxa were identified, 535 to the species level, 32 of
which (including Tamarix spp.) are considered noxious species in at
least one of the six states where the study sites were located (legal
status, PLANTS Database of the U.S. Department of Agriculture, USDA-
NRCS, 2014; Table B). Noxious species are exotic species that are
“weedy or invasive” (USDA-NRCS, 2014). They are usually agricultural
pests or harmful for livestock. From the 32 noxious species, we selected
potential secondary invaders in southwestern U.S. rivers based on the
following five criteria: 1) plant was not a target of primary control (e.g.,
Tamarix and Elaeagnus angustifolia) 2) plant had a frequency (i.e., pro-
portion of observations with presence)> 5%, 3) plant had a mean
cover when present> 5%, 4) plant's cover was the same or higher in
the treated than in the undesirable sites, 5) plant was widespread, de-
fined as present in at least one third (11) of the 34 geomorphically
homogeneous river reaches that were sampled. From the remaining
non-native species, additional criteria for potential secondary invaders
were: any species that were considered noxious anywhere in the U.S.,
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Fig. 1. Colorado River (Upper and Lower) and
Rio Grande River catchments showing loca-
tions of the 244 sites analyzed in this paper
where invasive Tamarix has been treated using
different control methods: burning Tamarix
stands, mechanical removal using heavy ma-
chinery, mechanical removal using chain- or
hand-saws and defoliation of the biocontrol
agent, the Tamarix beetle Diorhabda spp.; and
79 reference sites, representing undesirable
conditions, the starting point for Tamarix
control.

Table 1
Summary of sites and observations for treated and undesirable reference sites. Observations are the sum of sites sampled at a given year. NA – not applicable.

Biocontrol only Cut Heavy
machinery

Burning Undesirable
reference

Total

Total number of sites 55 99 57 33 79 323
Total number of observations 72 219 95 78 134 598
Number of sites with only one observation over time 45 46 39 21 68 219
Number of sites with two or more observations over time 10 53 18 12 11 104
When two or more observations, median number and range (in parenthesis) 3 (2–3) 2 (2–5) 3 (2–7) 5 (2–9) 4 (3−11)
Time (yr.) since end of Tamarix physical removal (time since beetle arrival at

biocontrol only sites) at the last observation, median (range)
7 (1–9) 5 (0−13) 3.5 (0–18) 3 (0–18) NA
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met the five criteria, and had high frequencies (> 50%). These criteria
were intentionally restrictive as we believed the strength of our data-
base was its great spatial extent, which allowed generalisations for
southwestern U.S. rivers. Some secondary invaders may be present in
few sites only but a very high cover (e.g., Bromus rubens, Supplementary
material Table B), but modeling their response to control treatments
would have required a different experimental design due to zero-in-
flated data. Restricting our analysis to the most frequent species across
our large spatial scale allowed for the broadest analysis in space and
time and therefore the most widely applicable results. Detailed in-
ventories of weeds and local analysis of their responses to management
may help to predict and set up follow-up treatments for mitigating
secondary invaders locally (see for example Sher et al., 2008, Ransom
et al., 2012 and Perkins et al., 2015 in our study area).

2.4. Data analysis

We used Kruskal-Wallis tests and pairwise Mann-Whitney compar-
isons (SPSS, v. 13.0) to explore the effects of Tamarix control treatments
(fixed factor, four levels) on the abundance of each weed species se-
lected.

We were also interested in the effects of time since Tamarix control
on the abundance of secondary invaders. The time since Tamarix con-
trol refers to the number of years since the end of removal for the
cutting, heavy machinery and burning treatments, and to the time since
the arrival of the defoliating beetle for the biocontrol treatment (the
year of arrival equates to the first defoliation event). However, in the
first three physical removal categories, Tamarix removal-related dis-
turbance has a pulse at time of removal (i.e., year = 0), then pre-
sumably decreases over time; while in the biocontrol, the disturbance is
cumulative with successive number of defoliations by the biocontrol
beetle (even though the bulk of defoliation normally occurs during the
first few years after the arrival of beetles and stabilizes afterwards;
Hultine et al., 2010; Kennard et al., 2016). This consideration is im-
portant because, when analyzing species abundance patterns during
preliminary analyses, interactions between control method and time
since Tamarix control were observed. Therefore, we ran one Kruskal-
Wallis test and six pairwise Mann-Whitney comparisons across the
different control methods for each time period: from zero years since
removal, i.e., site monitored immediately after Tamarix removal or
since beetle establishment, to eight or more years, with observations
being the replicates. As sites were neither monitored for the same
number of years nor for the same duration (see Table 1), the number of
replicates used to run the tests at each time period was different and
lower than the total number of treated sites – 244 (see Fig. 2 caption).
When sites were subjected to two or more treatments (e.g., cut and
biocontrol), the control method for that site was considered as the
highest disturbance category (i.e., cut in the example). Following these
criteria, among the 244 restored sites 33 were burned, 57 heavy ma-
chinery, 99 cut and 55 biocontrol (Table 1). Biocontrol sites for years 0,
1, 2 and 3 were merged into a single category as the number of ob-
servations for each time period was too low to perform the analyses.

The change in severity of the secondary invasions over time was
assessed for each weed and control method separately, using Spearman
correlations (P < 0.05) between time and weed abundance. To avoid
problems related to pseudoreplication, for the 93 sites that had multiple
years of post-Tamarix control weed abundance data, we only used the
last year of observations. The time scale was therefore a chronose-
quence.

3. Results

3.1. Four exotic species officially listed as noxious as the main secondary
invasions in the context of Tamarix control in the southwestern U.S. rivers

Considered as a group, the weeds defined as noxious by the USDA

appeared in 89.2% of the observations in the treated sites, with a mean
cover when present of 22.0% ± 1.1% (1 SE). Among the 31 species
listed as noxious in the study area (excluding Tamarix spp.), only three
met our five criteria: Acroptilon repens (Russian knapweed), Bromus
tectorum (cheatgrass) and Salsola tragus s.l. (=kali) (Russian thistle).
Among the remaining species considered noxious in other states, Bassia
scoparia (common kochia) was very frequent (> 50%) in the Tamarix
treated sites of our database and thus included in our analyses.

Of those four species that were retained for further analyses, A.
repens and B. scoparia appeared at very high frequencies, in at least one
third of the sites, and usually with a dominant mean cover when pre-
sent of ca. 17%. Bromus tectorum and S. tragus were also very frequent
(ca. 40%) but rarely dominant (mean cover< 10%). A. repens, B. sco-
paria and S. tragus had a significantly higher abundance following
Tamarix control, compared to pre-treated or undesirable reference sites
(Mann-Whitney tests, P < 0.05, see Supplementary material Table B).
B. tectorum, however, was already very abundant in the understory of
Tamarix stands prior to control.

The cover of only three noxious species was consistently reduced in
the Tamarix control sites: Tamarix spp. (tamarisks), Elaeagnus angusti-
folia (Russian olive) and Alhagi maurorum (camelthorn). Russian olive
was the second most abundant invasive species in the undesirable re-
ference sites (after Tamarix; Table B) and a frequent target of removal
(e.g., Reynolds and Cooper, 2011). Another brome species, Bromus ru-
bens (red brome), met the first four criteria but not the requisite of being
widespread in the study region, as it was only found in the Grand
Canyon of the Colorado and in streams draining into Lake Mead.

3.2. The method of Tamarix control affects the severity of secondary
invasions

The responses of the secondary invasions to the Tamarix control
methods were idiosyncratic. Overall, during the first three years since
Tamarix control, two species: B. scoparia and S. tragus consistently ex-
hibited higher abundance with the physical removal treatments (espe-
cially burning and heavy machinery for the former, and burning and cut
for the latter species, Table 2; Fig. 2). Conversely, after at least five
years since restoration, A. repens and B. tectorum tended to have higher
abundance in the biocontrol sites. B. scoparia also progressively spread
as the canopy layer opened following biocontrol, but never exceeding
the cover found at the physical removal methods.

3.3. The severity of secondary invasions only changed slightly for the time
period considered in this study

Change over time was not consistent between control methods or
weed species. When we considered pattern of change over time as a
trajectory for each species (diagonal arrows, Fig. 2), we found in-
creasing abundance of A. repens and B. tectorum following biocontrol,
decreasing abundance of B. tectorum following heavy machinery re-
moval, and decreasing abundance of B. tectorum, B. scoparia and S.
tragus following removal by cutting.

4. Discussion

4.1. Secondary invasions of noxious weeds following Tamarix control are
frequent

Our results showed that secondary invasions of noxious weeds in the
context of Tamarix control in southwestern U.S. rivers are frequent,
which concurs with a recent review suggesting the commonness of this
often-overlooked environmental problem across ecosystems (Pearson
et al., 2016). In particular, the cases of Bassia scoparia, Acroptilon repens
and, to a lesser extent, Salsola tragus should be of concern: these three
species were present at very high frequencies and cover in the Tamarix
control sites along most of the river reaches surveyed, at a significantly
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higher cover than in undesirable reference conditions. B. tectorum also
exhibited high frequencies and cover in the Tamarix control sites but
this species was the second most abundant among all weeds in the
undesirable reference conditions and its cover did not increase after
control.

The emergence of these four weeds as secondary invasions in
Tamarix treated sites was not surprising. Bassia scoparia tolerates
drought and high salinity (Friesen et al., 2009) (both common condi-
tions in the arid and semi-arid southwestern U.S., and particularly along

Tamarix-infested rivers (Busch and Smith, 1995; McShane et al., 2015)),
but also tolerates saturated soils that occur on floodplains (listed as a
“Facultative” wetland species, it may “occur in wetlands”, PLANTS
Database of the U.S. Department of Agriculture, USDA-NRCS, 2014).
Acroptilon repens has been reported to exploit shallow water tables and
to be frequent on floodplains and along river corridors (Jacobs and
Denny, 2006; Kennard et al., 2016). Salsola tragus may spread from
adjacent xeric bottomland terraces where it commonly grows, and it
also tolerates heat, drought and salinity (Beckie and Francis, 2009).

Fig. 2. Abundance over time of four noxious species after control of Tamarix in 244 sites classified by control method. Burning Tamarix stands (33 sites – black circles), mechanical
removal using heavy machinery (57 sites – black triangles), mechanical removal using chain or hand saws (99 sites – gray circles) and defoliation of the biocontrol agent, the Tamarix
beetle Diorhabda spp. (55 sites – open circles). For each species and control method, solid lines are the 50th percentile of all observations (median), dashed are the 75th and dotted the
90th. Line diagonal arrows indicate that species cover was increasing or decreasing over time (Spearman test, solid line: P < 0.05; dotted line: P < 0.10). Note that biocontrol sites of
years 0, 1, 2 and 3 were merged into one only category denoted at the position 1.5 in the X axis, for their low number of replicates. Undesirable reference sites representing conditions
prior to Tamarix control are illustrated with open squares. Note that year 0 represents a site monitored immediately after Tamarix physical removal in the same year or since beetle arrival
(equating to the first defoliation event), not pre-treatment conditions. Pre-treatment conditions (43 sites) are pooled with theoretical undesirable reference sites (36 sites) as indicated in
methods. No significant differences were found between the two types of reference sites for any of the four noxious species or total cover of all weeds (Mann-Whitney tests, P > 0.05, not
shown).
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Bromus tectorum is a pest in North American rangelands and also
common in riparian areas (Mack, 1981; Knapp, 1996; Sher et al., 2008).

Our study analyzed vegetation in “undesirable reference” sites
compared to vegetation in Tamarix control sites in order to determine
the presence and extent of secondary invasions. It would be preferable
to use pre-treatment data at each removal site to compare to post-re-
moval conditions; however, only a small minority of our sites had pre-
treatment data. We selected our undesirable reference sites to pair with
and represent as closely as possible the geomorphic, hydrologic and
ecologic pre-treatment conditions of each of our Tamarix control sites.
Since we relied upon reference sites instead of pre-treatment data we
can only suggest general patterns and not cause-and-effect, in the
strictest sense. However because our reference sites closely approx-
imate general pre-treatment conditions at our control sites and are in
the same geographic areas as those sites, our results remain compelling.

4.2. Tamarix control methods may contribute to produce secondary
invasions but these differ between noxious weeds

Lacking pre-control data for most sites, our database was not sui-
table to discern whether the simple opening up of space following
control of the target species rather than control method was the main
driver of secondary invasions, as suggested by Pearson et al. (2016). If
the first was true, a negative correlation between the absolute cover of
Tamarix and the absolute cover of noxious weeds would be likely.
However, this was not the case in our study: the Spearman rho corre-
lation coefficient was 0.12 (P = 0.07), which suggests that non-target
invasive species exploiting the space vacated by the first alien is not the
only mechanism to explain the severity of secondary invasions in the
case of Tamarix control. Our study did show that the method of Tamarix
control was related to the severity of secondary invasions and that this
relationship differed between species, but also was affected by time
since Tamarix control.

The relationship between secondary invasion and control treat-
ments was complex, however; the noxious species under study ex-
hibited slightly different patterns, suggesting that the responses of
secondary invaders to control method may be idiosyncratic, that is,
species-specific. The tumbleweeds B. scoparia and S. tragus were slightly
more favored by an initial peak of higher disturbance induced by the
physical removal treatments, versus A. repens and B. tectorum, which

were more favored by the cumulative effects over time of biocontrol.
Removal of Tamarix by heavy machinery and burning might have in-
duced a sudden release from competition due to a great pulse in re-
source availability with physical soil disturbance and removal of bio-
mass, followed by a presumably progressive increase in competition
with ecosystem recovery. This sudden release of resources differs from
mechanical saw-cutting, where removal targets only Tamarix and other
non-native woody species such as E. angustifolia but leaves other ve-
getation in place, and from biocontrol, where Tamarix is repeatedly but
not uniformly defoliated over the years by beetles that exclusively feed
on them (Hultine et al., 2015; Kennard et al., 2016). Surprisingly, cover
of native species did not differ much between control treatments
(Mean ± 1 SE: Undesirable = 53.3a ± 6.6, Biocontrol = 33.5ab ±
3.9, Cut = 37.2a ± 2.6, Heavy = 60.4a ± 8.0, Bur-
ning = 26.6b ± 4.4; González et al., 2017 with letters showing
homogeneous groups after Mann-Whitney tests, P < 0.05). However,
this does not exclude the possibility that there was also biotic resistance
to invasion, that is, the resident community was reducing invasion
success (Levine et al., 2004). Promoting native species establishment
has been suggested as a primary mechanism to reduce secondary in-
vasion after Tamarix control (Sher et al., 2010; Pearson et al., 2016).
The recovery of native vegetation following Tamarix control was gen-
erally poor (González et al., 2017); therefore, we believe that biotic
resistance is weak in this system, at least at the temporal scale con-
sidered. Another argument for biotic resistance not playing a major role
in controlling secondary invasions in Tamarix control was that we did
not find a negative correlation between the absolute cover of natives
and the absolute cover of noxious weeds (Spearman rho correlation
coefficient = 0.11; P = 0.10). Recent studies have suggested that
functional (not taxonomical) diversity more strongly determines biotic
resistance to invasion (Hooper and Dukes, 2010; Byun et al., 2013).
Future research should explore interactions between local functional
diversity and Tamarix removal to explore this possibility.

Life-history traits of the noxious weeds may help to explain differ-
ences in their responses to Tamarix control methods, particularly traits
related to the propagule pressure exerted by invaders on the ecosystem.
Propagule pressure also represents a key factor to explain invasion
success (Catford et al., 2009; Thomsen et al., 2006; Byun et al., 2015).
Both B. scoparia and S. tragus plants are tumbleweeds, annual forbs that
reproduce only by seed (Friesen et al., 2009). The entire above-ground

Table 2
Mean + 1 SE abundance over time of four noxious species after control of Tamarix in 244 sites classified by control method. Letters indicate homogeneous groups following Kruskal-
Wallis (P < 0.05, not shown) and pairwise Mann-Whitney tests across treatments (P < 0.05). Number of sites used at year 0 = 53; year 1 = 75; year 2 = 82; year 3 = 62; year 4 = 70;
year 5 = 56; year 6 = 54; year 7 = 38; year ≥8 = 37.

Yr = 0 Yr = 1 Yr = 2 Yr = 3 Yr = 4 Yr = 5 Yr = 6 Yr = 7 Yr ≥ 8

Acroptilon repens
Burning 2.8ab + 2.1 4.8a + 4.0 5.6ab + 4.0 0.9b + 0.9 1.9ab + 1.2 3.6b + 3.5 5.4 ac + 4.9 13.0a + 0.0 0.0ab + 0.0
Heavy 4.8a + 2.9 0.5a + 0.4 2.7a + 1.0 6.7a + 2.4 8.6ab + 3.8 8.3ab + 8.3 19.2a + 9.8 0.0ab + 0.0 0.0b + 0.0
Cut 1.2b + 1.2 2.7a + 1.4 4.9ab + 2.7 5.6b + 3.4 11.5a + 4.6 4.6a + 4.0 1.1b + 0.6 0.0b + 0.0 1.7a + 1.5
Biocontrol 0.0b + 0.0 0.0a + 0.0 0.0b + 0.0 0.0b + 0.0 2.2b + 1.5 2.3ab + 1.3 4.1bc + 2.1 9.1a + 2.7 7.8a + 3.0

Bromus tectorum
Burning 0.5b + 0.5 0.1b + 0.1 1.2b + 1.2 0.0b + 0.0 6.0a + 3.5 4.0ab + 4.0 0.0a + 0.0 0.0ab + 0.0 0.0b + 0.0
Heavy 2.1a + 0.7 2.5a + 1.1 8.7a + 3.7 4.5a + 3.5 1.2a + 0.9 0.0b + 0.0 0.0a + 0.0 0.0ab + 0.0 0.0b + 0.0
Cut 2.7ab + 1.8 2.4ab + 0.9 1.1bc + 0.4 2.1ab + 1.2 2.8a + 2.1 0.5b + 0.5 0.8a + 0.4 0.0b + 0.0 0.0b + 0.0
Biocontrol 0.3ab + 0.2 0.3ab + 0.2 0.3c + 0.2 0.3ab + 0.2 7.0a + 4.8 6.6a + 2.3 4.3a + 2.0 3.6a + 1.4 5.8a + 3.0

Bassia scoparia
Burning 15.3a + 5.4 24.5a + 5.6 17.4a + 5.2 13.0ab + 5.6 12.0a + 4.9 7.6 ac + 5.6 13.1a + 5.2 17.8a + 0.0 0.6b + 0.4
Heavy 3.2b + 1.9 13.2ab + 5.7 18.3ab + 4.5 24.9a + 6.5 13.2a + 4.9 6.3a + 1.7 24.2ab + 24.0 72.0a + 0.0 6.8ab + 3.0
Cut 3.6b + 2.0 2.4c + 1.1 4.6c + 1.8 8.3b + 2.6 11.3a + 2.8 4.4b + 2.2 3.8b + 1.5 0.0b + 0.0 1.3ab + 1.3
Biocontrol 9.0ab + 5.5 9.0bc + 5.5 9.0bc + 5.5 9.0b + 5.5 14.1a + 6.5 4.7bc + 3.0 12.6a + 5.3 8.9a + 4.2 3.6a + 3.6

Salsola tragus
Burning 9.2a + 4.3 2.6ab + 1.1 5.0a + 1.7 6.4a + 3.2 1.1ab + 0.8 1.1a + 0.7 6.3a + 5.9 0.3a + 0.0 0.0a + 0.0
Heavy 1.5a + 0.8 2.4a + 0.9 1.1a + 0.4 0.8a + 0.5 7.7a + 3.1 0.5a + 0.4 1.0ab + 1.0 0.0a + 0.0 0.6a + 0.4
Cut 3.2a + 1.6 1.6b + 0.6 3.4a + 1.3 3.3a + 1.2 0.8a + 0.2 0.7a + 0.4 0.5b + 0.3 0.2a + 0.1 1.2a + 1.0
Biocontrol 0.0b + 0.0 0.0c + 0.0 0.0b + 0.0 0.0b + 0.0 0.4b + 0.4 0.6a + 0.5 0.5ab + 0.3 0.9a + 0.5 0.0a + 0.0
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portions of tumbleweeds naturally break off at the base of the plant and
tumble away in the wind, dropping seeds along the way (Baker et al.,
2008). This mechanism of seed dispersal may be enhanced by the use of
heavy machinery during Tamarix removal, which may break and spread
mature individuals containing seeds (when present in the treated sites
before intervention), ultimately increasing propagule pressure. Tamarix
removal could have also simply opened the pathway for tumbleweed
species to move longer distances. Being prolific seed producers and
having efficient wind-mediated seed dispersal (Baker et al., 2008;
Friesen et al., 2009), they may also be favored by the expanded avail-
ability of safe sites for recruitment that immediately follows soil dis-
turbance and removal of competing vegetation caused by physical re-
moval methods, even if not originally present in the site, as was the case
for most of the sites. Without vegetative reproduction, they may be
more negatively affected by presumably higher competition with na-
tives (biotic resistance) and with Tamarix (Mean Tamarix cover ± 1
SE: Undesirable = 46.6a ± 3.8, Biocontrol = 20.6b ± 2.7,
Cut = 4.5c ± 1.0, Heavy = 8.6c ± 2.1, Burning = 5.5c ± 1.6;
González et al., 2017 with letters showing homogeneous groups after
Mann-Whitney tests, P < 0.05), which may explain their relatively
poor performance in the biocontrol sites.

Bromus tectorum is a winter annual frequently associated with
Tamarix-infested areas (undesirable sites, Fig. 2, Table B), as it invades
riparian areas from adjacent uplands where it thrives (Mack, 1981;
Knapp, 1996). In a previous study implemented on the Arkansas River
through southeastern Colorado, Sher et al. (2008) reported reduced
cover of B. tectorum in mechanically removed Tamarix stands of three
small drainages. Although B. tectorum is also a prolific seed producer
and reproduces only from seed (Klemmedson and Smith, 1964), it did
not respond to physical removal treatments, particularly to burning, as
positively as the two tumbleweed species. Tamarix stem mulch left
onsite after removal has been suggested to inhibit B. tectorum seedling
establishment (Sher et al., 2008), and it could be affecting B. tectorum
and the tumbleweeds differently. Dela Cruz et al. (2014) showed that
burning effectively reduced invasive Bromus spp. in riparian zones
along the Virgin River in Zion National Park (UT, USA). We did not find
such a reduction in B. tectorum immediately after restoration, but our
results are consistent with Sher et al. (2008) and Dela Cruz et al. (2014)
in that burning did not increase its cover as much as removal by heavy
machinery and saw-cutting. Moreover, we observed a progressive de-
crease of this species' cover, most notably after five years of monitoring,
in the heavy machinery and cut sites. One possibility for this response is
that, in the absence of further disturbance, it was progressively out-
competed by the tumbleweeds, and native grasses and forbs recovering
from initial disturbance. A better performance of B. tectorum in bio-
control sites over time, particularly since the fifth year since beetle
arrival, may be explained by the positive response of the species to an
increase in light availability (Klemmedson and Smith, 1964) and better
germination and growth over natives in response to Tamarix litter, litter
leachates and other soil properties typical of defoliated sites (Sherry
et al., 2016). The fact that B. tectorum and the two tumbleweed species
share important life-history traits such as reproduction from seed but at
the same time exhibit different responses to the control treatments re-
inforces the idea that the responses of noxious weeds to anthropogenic
disturbance are mainly idiosyncratic.

In contrast, A. repens is a perennial, persistent forb that can re-
produce by seed but is thought to expand largely by vigorously
spreading rhizomes (Jacobs and Denny, 2006). In fact, targeting the
belowground biomass of A. repens is recommended as the most effective
practice to remove the weed (Jacobs and Denny, 2006). The physical
removal methods used to remove Tamarix plants, although not tar-
geting the understory vegetation layer where secondary invasions
occur, are more likely to trample and uproot the pre-existing plants at a
site and therefore make re-invasion from clonal growth more difficult.
A. repens also has reduced growth and development under low light
conditions (Jacobs and Denny, 2006). Therefore, openings in the mid-

and over-story following defoliation by beetles, with no negative effect
on the rhizome system, might provide ideal conditions for the spread of
this species. Sherry et al. (2016) have also shown that Tamarix litter and
litter leachate inputs following beetle defoliation may favor A. repens
germination and growth over natives.

4.3. Persistence of noxious weeds

The cover of three out of the four secondary weeds analyzed (B.
tectorum, B. scoparia and S. tragus) decreased over time in the cut
treatment. Cutting was the most selective among the three physical
removal treatment methods, and probably did not interfere with the
resident plant community or disturbed the soil as much as the other two
methods. Thus, the combination of less disturbance and more existing
established plants may have facilitated the observed decline in abun-
dance of annual secondary invaders over time in the cut treatment sites.
In contrast, the noxious weeds (except B. tectorum in heavy machinery
sites) did not significantly decline in abundance over time in the more
heavily-disturbed heavy machinery and burning sites. Moreover, A.
repens and B. tectorum increased over time at the biocontrol sites. This
persistence was especially surprising for B. tectorum and the two tum-
bleweeds, which are annual species. Several factors may explain these
results. Follow-up measures to control secondary invasions, which were
frequent in our study sites (56 out of 244 sites), perhaps were not as
effective as intended. The abundance of noxious weeds when herbicides
were applied was in fact higher (27.5%) than in sites where they were
not applied (16.4%, Mann-Whitney test U = 2995, Z = −2.994;
P = 0.003). Although this difference could be due to the fact that
herbicides were applied to the sites having a higher abundance of
weeds, it is known that species such as B. scoparia and S. tragus have
developed resistance to commonly used herbicides such as imazapyr
and glyphosate, hampering their reduction and eradication (Primiani
et al., 1990; Chodova and Mikulka, 2000; Shafroth et al., 2013). Al-
ternative explanations for the ineffectiveness of herbicides is that these
were applied directly on the weeds, leaving the seed bank intact, and
that herbicides can negatively affect germination of competing natives
(Dela Cruz et al., 2014; Douglass et al., 2016). Knowing which type of
herbicides was used at each site could have helped to anticipate the
response of different secondary invaders of different functional groups
(e.g., broadleaf herbicides suppressing forbs but not grasses; Pearson
et al., 2016). Unfortunately, we were unable to obtain such information
for most of the sites. Also unfortunately, we only had eight sites where
abundance of weeds was monitored before and after herbicide appli-
cation, and 16 sites that were monitored multiple times following the
application of herbicides (no decreasing pattern was observed either;
data not shown), so we were unable to test the true effect of follow-up
in controlling weed persistence.

Nevertheless, we suggest that the conditions that caused site de-
gradation and Tamarix infestation may have persisted after removal and
be continuously favoring weeds, which have functional traits typical of
ruderal or stress-tolerant strategies, similarly to Tamarix (Glenn and
Nagler, 2005). For example, Tamarix sites usually lack mycorrhizal
fungi while ruderal weeds are typically non-mycorrhizal species
(Shafroth et al., 2008; Beauchamp et al., 2009). Other legacies of Ta-
marix dominance, such as salt accumulation in the soils typical of some
Tamarix stands (Merritt and Shafroth, 2012; Ohrtman et al., 2012), may
be favoring more stress-tolerant noxious species as well. Rivers are in-
herently highly disturbed systems, so the persistence of opportunistic
species is not surprising. In fact, riparian zones are known to be espe-
cially vulnerable to invasions (Planty-Tabacchi et al., 1996; Richardson
et al., 2007). The unexpected persistence of noxious weeds in these
systems warrants further studies that take into account longer temporal
scales, as the average time since Tamarix control in our sites was only
five years.
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5. Conclusions

We found that control method of a target invasive species may help
explain secondary invasions of non-target, noxious weeds in riparian
zones, and that this relationship was species-specific and changed over
time. Even though primary invasions of Tamarix spp. and Elaeagnus
angustifolia were effectively controlled by several treatments, Acroptilon
repens, Bromus tectorum, Bassia scoparia and Salsola tragus are relevant
secondary invaders in the context of Tamarix control in southwestern
U.S. rivers. When physical removal methods such as burning, heavy
machinery and saw-cutting are used to remove Tamarix, attention needs
to be paid to potential secondary invasions immediately following re-
moval, especially by annual tumbleweeds (B. scoparia and S. tragus) that
only reproduce from seed. If biocontrol is used, longer-term monitoring
is necessary to control the spread of weeds with effective vegetative
reproduction, notably A. repens. B. tectorum is an important secondary
invader, but more because of its high abundance prior to removal of the
primary invader than for its capacity to proliferate in the treated sites.
The cover of A. repens increased over time in biocontrol sites and, with
the exception of the cut treatment, the cover of weeds did not decrease
in sites where physical removal methods were implemented, even with
herbicide application. This finding suggests the need to implement
long-term monitoring of these projects and explore additional measures
to improve the ecological status of invasive species-infested riparian
zones besides traditional physical removal followed by chemical
treatment of noxious weeds, such as the reduction of negative side ef-
fects of control methods, the mitigation of legacy effects and the im-
provement of the techniques for active introduction of native vegeta-
tion (Shafroth et al., 2008; Pearson et al., 2016).
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