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Abstract: Management of invasive alien species is a high priority for biodiversity conservation. Here,
we studied the effects of glyphosate application, at 0.06 g/m? concentration, on physiologically
integrated basal and apical ramets of the invasive clonal plant Carpobrotus edulis. Physiological
integration allows the transport of resources and other substances between connected ramets in
clonal plants. We found a significant reduction of growth and photochemical efficiency both in basal
and apical ramets of C. edulis after glyphosate application. Interestingly, we also observed a significant
growth reduction in untreated basal ramets when they remained connected to apical ramets treated
with glyphosate. This result was interpreted as a cost for basal ramets due to supporting severely
stressed apical ramets. Therefore, local application of glyphosate to apical ramets of C. edulis can
negatively affect not only their own growth, but also the growth of their interconnected, untreated
check for basal ramets. Our results suggest that glyphosate effectiveness can be maintained when applied only
updates to one part of the clone so that the amount of herbicide used in eradication programs can be greatly
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reduced, which can minimize the negative impact of chemical herbicides on ecosystems.
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to native plant species by, for instance, displacing them locally and even driving them
to extinction [3-5]. Invasive species may cause indirect effects on native plant species by
modifying biotic and abiotic conditions of native communities and ecosystems [6]. Invasive
species can also damage ecosystem services and cause huge economic cost to society world-
wide [7]. Thus, the management of invasive alien species is a high priority for countries

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

around the world [8]. Expenditures associated with invasive alien species management
BY also entail a high economic cost, mostly allocated to post-invasion management actions [9].
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and as a consequence many management actions have been conducted, mostly in southern
Europe and California [10,11].

To date, most eradication programs for Carpobrotus are based on mechanical and
chemical methods. Although mechanical methods appear to be suitable for small patches,
management of dense mats by this method can be very costly and time-consuming. More-
over, invasive Carpobrotus species are capable of vigorous clonal growth, so management
by mechanical methods does not necessarily prevent re-sprouts or the emergence of new
ramets (asexual individuals) [10,12]. On the other hand, chemical methods, mostly based
on application of glyphosate herbicide, have been successfully used to control Carpobro-
tus [10,11,13,14]. However, use of glyphosate to control Carpobrotus also entails negative
effects to native vegetation, especially when applied directly in sandy soils [10,14]. Despite
the effectiveness for native vegetation recovery [11], special caution has to be taken to
adjust the dose of glyphosate to minimize its impacts on ecosystems [13].

C. edulis reproduces clonally with a radial structure of genetically identical ramets that
form dense mats [15]. These ramets remain interconnected by creeping stems, produce
roots after direct contact with soil and can survive even after they are disconnected from the
rest of the clone. Clonal growth allows C. edulis to spread quickly horizontally to effectively
colonize the surrounding area [16,17]. Physiological integration (i.e., the ability to share
resources and other substances between connected modules) allows clonal plants to act as
a cooperative system, buffering environmental stress [16,18-27]. Clonal traits, specifically
physiological integration, are associated with plant invasiveness in different species [28-30],
including Carpobrotus (for a review see [17]). Previous studies have tested the role of
physiological integration in the expansion of Carpobrotus under different types of stress
such as competition, nutrient deficiency, water shortage, shade and herbivory [16,31-36],
but the effect of herbicide application on physiologically integrated clones of Carpobrotus
has not been assessed yet.

Recently, Fos et al. (2021) have conducted a study to establish the minimum effective
dose of glyphosate for Carpobrotus control, which was stated at 0.4 g/m? [13]. However, no
previous study has been carried out to determine whether the effect of glyphosate differs
according to the specific part of the clonal system where it is applied. Here, we studied
the effects of glyphosate application on physiologically integrated clones of the invasive
plant C. edulis. Specifically, we compared the effect of glyphosate application in basal and
apical parts of connected (physiological integration allowed) and severed (physiological
integration prevented) clonal fragments of C. edulis. Specifically, we asked the following
questions: (1) Does physiological integration buffer the negative impact of glyphosate
application on C. edulis? Because physiological integration allows clonal plants to act as a
cooperative system, buffering stressful conditions, we predict that a reduction in growth
and photochemical efficiency due to glyphosate application will be less accentuated in
connected than in severed clonal fragments of C. edulis. (2) Do the effects of physiological
integration differ when glyphosate is applied to the basal vs. the apical parts of the clonal
system? Because resource transport between connected ramets of clonal plants usually
occurs acropetally (from basal to apical ramets), we predict that the negative effect of
glyphosate will be more pronounced when it is applied to the basal than to the apical parts.
In other words, we predict that physiological integration will alleviate the negative effect
of glyphosate application on apical parts, but not on basal parts.

2. Materials and Methods
2.1. Plant Material and Experimental Design

Thirty-six similar-sized un-rooted clonal fragments of C. edulis were collected in a
coastal sand dune in Moledo, Caminha (Portugal) (41°51'11” N, 8°51’57" W) in March
2021. Each fragment consisted of the youngest four ramets along a stem from the apex,
and consequently all fragments were at a similar size and developmental stage. The two
oldest ramets of the clonal fragment are hereinafter referred to as basal ramets, and the two
youngest ramets are hereinafter referred to as apical ramets. The clonal fragments were
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collected from different clumps along the coastal sand dune in a relatively large area so that
different clones were very likely to be included in the experiment. Each clonal fragment
was planted in 22.5 L polystyrene tray (30 wide x 50 long x 15 cm deep), filled with sand
obtained from local coastal dunes inhabited by C. edulis.

The experimental design comprised two crossed factors: ramet connection (connected
vs. severed) and glyphosate application (no glyphosate application, glyphosate applied
on basal ramets, and glyphosate applied on apical ramets; Figure 1). In the connected
treatment clonal fragments were left connected (physiological integration was allowed),
and in the severed treatment they were disconnected by cutting the stem halfway between
basal and apical ramets (physiological integration was prevented). Disconnection reflects
the fact that disturbance frequently breaks clonal fragments into smaller groups under
natural conditions [37,38].

No glyphosate

Basal ramets Apical ramets Basal ramets Apical ramets

Glyphosate on
basal ramets Basal ramets Apical ramets Apical ramets

Glyphosate on
apical ramets Basal ramets Apical ramets Basal ramets Apical ramets

Connected Severed

Figure 1. Schematic representation of experimental design. Basal and apical ramets under the
different combinations of glyphosate application (no glyphosate, glyphosate application on basal
ramets, and glyphosate application on apical ramets) and connection (connected, disconnected)
are shown.

Glyphosate (360 g/L, ammonium salt; Touchdown Premium, Syngenta, Spain) was
sprayed directly on leaves of apical ramets (in the treatment of glyphosate application on
apical ramets) or basal ramets (in the treatment of glyphosate application on basal ramets)
in a 2% solution, at doses of 0.06 g/m? (equivalent to about 8.3 mL/m?). Glyphosate was
applied using a hand-held bottle at a height of 20 cm above the ramets, ensuring a uniform
wetting of the leaves. The glyphosate dose applied was around six times lower than the
minimum effective dose to prevent Carpobrotus regrowth [13] and the recommended dose
range of the European Food Safety Authority (EFSA 2017).

Clonal fragments were randomly assigned to each of the connection and glyphosate
treatments, and each treatment was replicated six times. Before of the start of the experi-
ment, the initial fresh mass of each clonal fragment was measured, showing no differences
among treatments (ANOVA: Fy 39 = 0.012, p = 0.915, for connection; F; 39 = 0.824, p = 0.448,
for glyphosate; F; 39 = 2.035, p = 0.148, for connection x glyphosate). The experiment
was carried out in an experimental garden at the University of A Corufia (Spain). The
experiment began on 12 April 2021 and continued for 105 days. The herbicide was added
in a unique application on 26 April 2021, 35 days after the start of the experiment. By
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doing this we ensured that plants were healthy established before adding the herbicide,
and therefore confounding effects were discarded.

2.2. Measurements
2.2.1. Growth and Biomass Allocation

At the end of the experiment, both basal and apical ramets were separated into roots and
shoots (stems and leaves), dried at 60 °C over 120 h and weighed to determine dry biomass.
Then we calculated total biomass and root mass ratio (RMR, root mass/total mass) of the
basal ramets, the apical ramets, and the whole clonal fragment (basal + apical ramets).

2.2.2. Chlorophyll Fluorescence

The maximum quantum yield of PSII (Fv/Fm) was determined using a hand held
chlorophyll fluorometer (OS30p+, Opti-Sciences, Inc. Hudson, NH, USA). Fv/Fm was
determined as the ratio (Fm—Fp)/Fm [39], where Fy and Fm are, respectively, the minimal
and maximal fluorescence yield of a dark-adapted sample, with all PSII reaction centres
fully open (i.e., all primary acceptors oxidized). This parameter was measured after a
30-min period of dark adaptation, to allow PSII reaction centres of the leaf to be fully open.
The period of dark adaptation was achieved by the use of dark adaptation clips provided
by the fluorometer manufacturer. Fv/Fm is a measure of the photosynthetic process and
estimates the efficiency of excitation energy capture by open PSII reaction centres during
the light reaction of the photosynthesis [40], and is correlated with the amount of carbon
gained per unit of light absorbed [41]. Chlorophyll fluorescence measurements were done
on a fully formed leaf of the basal and apical ramets, and determined throughout the
experiment at 0, 35 and 70 days after glyphosate application.

2.3. Statistical Analyses

Differences in root, shoot, total biomass and RMR were analyzed using a two-way
ANOVA, with connection (connected and disconnected) and glyphosate (no glyphosate
application, glyphosate application on basal ramets and glyphosate application on apical
ramets) as fixed effects. Analyses were performed separately for the basal ramets, the apical
ramets and the whole clonal fragment. Differences between individual means were testing
using a post hoc Tukey test. Differences in the maximum quantum yield of PSII (Fv/Fm)
were determined by two-way repeated-measures ANOVA, with connection and glyphosate
as between-subject effects and time as a within-subject effect, and were performed sepa-
rately for basal and apical ramets. Significance levels were set at p = 0.05. Analyses were
conducted with IBM SPSS Statistics, version 27 (IBM Corp., Armonk, New York, NY, USA).

3. Results
3.1. Growth and Biomass Allocation

Connection significantly or tended to significantly (p = 0.055) affected root biomass
and biomass allocation to roots (root mass ratio) of both basal and apical ramets (Table 1).
Connection significantly increased root production (root mass and RMR) in basal ramets
(Figure 2). On the contrary, apical ramets that remained connected reduced both their root
mass and RMR (Figure 3). Interestingly, connection significantly interacted with glyphosate
application to affect root production of basal ramets (Table 1): connection greatly increased
root production of basal ramets under no glyphosate, had no significant effect when
glyphosate was sprayed to basal ramets and decreased root production when glyphosate
was applied to the apical ramets (Figure 2). Root biomass, shoot biomass, total biomass
and RMR of basal ramets, apical ramets and whole clones were significantly affected by
the glyphosate treatment (Table 1). In particular, biomass and RMR of both whole clones
and basal ramets experienced a significant reduction when glyphosate was applied to the
basal or apical ramets (Figures 2 and 4). Similarly, root mass and RMR of apical ramets also
reduced when glyphosate was applied to either basal or apical parts of the clone (Figure 3).
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However, shoot mass and total mass of the apical ramets were not significantly reduced
when glyphosate was sprayed over the basal ramets of the clone (Figure 3).

Table 1. Effects of connection, glyphosate and the interaction on the growth and biomass allocation
of (A) basal ramets, (B) apical ramets and (C) whole clones. Degree of freedom, F and p values of
two-way ANOVA are given. Values of p < 0.05 are shown in bold. See Figures 2—4 for data.

Glyphosate in basal

Connection (C) Glyphosate (G) CxG
Variable F1’30 p F2,30 p F2,30 p
(A) Basal ramets
Root biomass 9.33 0.005 20.09 <0.001 14.99 <0.001
Shoot biomass 1.86 0.182 6.39 0.005 0.93 0.407
Total biomass 0.48 0.492 9.46 <0.001 2.20 0.128
Root mass ratio 15.40 <0.001 26.24 <0.001 18.89 <0.001
(B) Apical ramets
Root biomass 4.00 0.055 15.45 <0.001 0.90 0.419
Shoot biomass 2.00 0.167 7.90 0.002 0.23 0.796
Total biomass 1.09 0.306 9.48 <0.001 0.12 0.891
Root mass ratio 13.30 <0.001 19.58 <0.001 2.68 0.085
(C) Whole clone
Root biomass 0.83 0.369 2717 <0.001 5.54 0.009
Shoot biomass 0.012 0.898 6.99 0.003 0.61 0.552
Total biomass 0.07 0.800 10.19 <0.001 0.85 0.436
Root mass ratio 0.18 0.677 43.85 <0.001 7.19 0.003
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Figure 2. Root biomass, shoot biomass, total biomass and root mass ratio (RMR) of connected (filled
bars) and severed (open bars) basal ramets. Mean + SE are shown. Uppercase letters indicate
significant differences between glyphosate treatments and lowercase letters indicate significant
differences between connection treatments (by Tukey test). See Table 1 for ANOVA results.
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Figure 3. Root biomass, shoot biomass, total biomass, and root mass ratio (RMR) of connected (filled
bars) and severed (open bars) apical ramets. Mean + SE are shown. Uppercase letters indicate
significant differences between glyphosate treatments and lowercase letters indicate significant
differences between connection treatments (by Tukey test). See Table 1 for ANOVA results.
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Figure 4. Root biomass, shoot biomass, total biomass and root mass ratio (RMR) of connected
(filled bars) and severed (open bars) clonal fragments (i.e., basal plus apical ramets). Mean + SE
are shown. Uppercase letters indicate significant differences between glyphosate treatments and
lowercase letters indicate significant differences between connection treatments (by Tukey test). See
Table 1 for ANOVA results.
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3.2. Chlorophyll Fluorescence

Glyphosate application significantly reduced Fv/Fm of both basal and apical ramets.
Interestingly, this negative effect was significantly more evident in the disconnected than in
the connected treatment (Connection x Glyphosate interaction in Table 2, Figure 5). The
effect of glyphosate application on Fv/Fm was only present in the ramets that directly
received it, but was absent in the ramets that did not directly receive it. In other words,
glyphosate application on basal ramets reduced Fv/Fm of basal ramets, but had no effect
on apical ramets even if they were connected to the basal ramets. Similarly, glyphosate
application on apical ramets reduced Fv/Fm of apical ramets, but had no effect on basal
ramets even if they were interconnected. For both basal and apical ramets, the effect
of glyphosate application on Fv/Fm changed significantly with time (Table 2): Fv/Fm
reduced greatly from 0 days to 35 days after glyphosate application, but changed little
from 35 days to 70 days (Figure 5). We also observed a significant three-way interaction of
connection, glyphosate and time on Fv/Fm of apical ramets (Table 2): the negative effect
at 35 days was similar between connected and severed treatment, but became smaller in
connected than in severed treatment at 70 days (Figure 5B).

0.9 -(A) Basal ramets

0.8

0.7

0.6

0.5

Fv/Fm

0.4

0.3

0.2

0.1

0

0.9 - (B) Apical ramets

0.8

0.7

0.6

0.5

Fv/Fm
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0.1

0
0 35 70

Day

Figure 5. Changes of Fv/Fm (mean + SE) over time in connected (solid lines) and severed (dashed
lines) basal (A) and apical (B) ramets when glyphosate was applied to neither basal nor apical ramets
(circles symbols), to basal ramets (square symbols) or to apical ramets (triangle symbols). See Table 2
for ANOVA results.
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Table 2. Effects of connection, glyphosate, time and their interactions on maximum quantum yield
of photosystem PSII (Fv/Fm) of (A) basal ramets and (B) apical ramets. Degree of freedom, F and
p values of three-way ANOVA are given. Values of p < 0.05 are shown in bold. See Figure 5 for data.

Effect df F p

(A) Basal ramets
Between-subject

Connection (C) 1,30 1.73 0.198
Glyphosate (G) 2,30 86.10 <0.001
CxG 2,30 3.99 0.029
Within-subject
Time (T) 2,60 39.85 <0.001
CxT 2,60 1.31 0.278
GxT 4,60 25.73 <0.001
CxGxT 4,60 1.19 0.323
(B) Apical ramets
Between-subject
Connection (C) 1,30 5.00 0.033
Glyphosate (G) 2,30 335.40 <0.001
CxG 2,30 11.50 <0.001
Within-subject
Time (T) 2,60 85.66 <0.001
CxT 2,60 0.54 0.583
GxT 4,60 50.95 <0.001
CxGxT 4,60 3.88 0.008

4. Discussion

In both the connected (physiological integration allowed) and severed (physiological
integration prevented) treatment, we observed a significant reduction of biomass (root,
shoot, and total biomass), and photochemical efficiency (estimated as the maximum quan-
tum yield of PSII, Fv/Fm) in both basal and apical ramets after glyphosate application.
These results confirm the damage caused by glyphosate, which in the appropriate dose
is an efficient method for Carpobrotus control, as previously reported [11,13,14]. Visual
effects of glyphosate at day 70 were similar to those reported by Fos et al. (2021) for a
dose of 0.05 g/m? at day 84, i.e., plants turned yellowish-brown but were still relatively
succulent [13].

Contrary to our predictions, the negative impact of glyphosate application was not
alleviated by physiological integration as glyphosate application reduced growth and
photochemical efficiency similarly in the connected and severed treatments. Furthermore,
this effect was independent of whether glyphosate was applied to the basal or the apical
ramets. These results contrast with numerous previous findings showing a benefit of physi-
ological integration, especially for apical developing ramets growing in stressful patches
with, e.g., low nutrients [42], drought [34] and shade [24,26], salinity [43], pathogens [44],
herbivores [45] and heavy metals [27,46].

Interestingly, our results showed a significant reduction in terms of total biomass
in untreated basal ramets when they remained connected to apical ramets treated with
glyphosate. This result was interpreted as a cost for basal fragments due to supporting
severely stressed apical ramets. This penalization in growth for connected basal ramets
was also extended to the whole clone, which also suffered a reduction in total biomass,
especially when glyphosate was added to the apical ramets. Although physiological inte-
gration generally represents a benefit for the clone, it may also involve costs under some
circumstances [22]. For instance, physiological integration may allow transport of pol-
lutants or diseases negatively affecting other ramets despite being located in unstressed
patches [18,47-49]. In fact, physiological integration may even cease when conditions suf-
fered by dependent ramets are of severe stress [50,51]. Balance between costs and benefits
of physiological integration can be dependent on the level of integration (i.e., capacity
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for sharing resources and other substances) and the environment (i.e., local conditions
experienced by the ramets).

We propose two plausible explanations to justify the cost experienced by untreated
basal ramets in our experiment. The first one is due to the excessive stress suffered by apical
ramets under glyphosate-induced, excessive cost to basal ramets. Transport of resources to
fully dependent apical ramets represents a cost for donor (basal) ramets. Similarly, Roiloa
and Retuerto (2012) detected that basal ramets of the clonal herb F. vesca faced penalties
for establishing their offspring in soils polluted by heavy metals [46]. Interestingly, these
costs depended on the level of pollutions experienced by the offspring, with an increase in
the growth reduction of the basal ramets in parallel with an increase in the degree of the
metal pollution suffered by their supported apical ramets [46]. Cost reported by Roiloa
and Retuerto (2012) was not due to basipetal transport of metals from contaminated apical
ramets to un-contaminated basal ramets, but was probably caused by the supporting effort
to severely stressed offspring [46].

The second explanation is that glyphosate was transported from treated apical ramets
to untreated basal ramets, which reduced the growth of basal ramets. Glyphosate is a
systemic herbicide, which may be translocated via the phloem of plants. A previous study
has demonstrated the occurrence of a developmentally division of labour in C. edulis,
characterized by task specialization implicit in the ontogeny of the modules [52]. Basal
ramets specialize in acquisition of soil resources, which will be subsequently acropetally
transported to apical ramets through xylem vessels. On the other hand, apical ramets
specialize in the uptake of aboveground resources, and the obtained photo-assimilates
can be basipetally transported to basal ramets through phloem vessels. Thus, glyphosate
absorbed by leaves could also be transported via phloem from treated apical ramets to
untreated basal ramets, but may not be transported acropetally. This could explain why
basal ramets of C. edulis were negatively affected when glyphosate was applied to apical
ramets, but apical ramets were not when glyphosate was applied to basal ramets. However,
to confirm whether basipetal transport of glyphosate can occur but acropetal transport
cannot, it would be necessary to use isotope labelling techniques to trace glyphosate
movements within clones.

We should also note that the non-local effect of glyphosate detected in untreated basal
ramets was only evident on biomass but not on photochemical efficiency. Similar results
were found in connected ramets of strawberry, with a strong reduction in chlorophyll
content in ramets sprayed with glyphosate but not in untreated connected siblings [53].
The absence of a non-local effect on basal ramets in terms of photochemical efficiency
may indicate that basipetal transport of glyphosate did not occur so that the biomass cost
observed in basal ramets was due to the huge resource demand made by the apical ramets
growing under stressful conditions. Consequently, untreated basal ramets could maintain
their photosynthetic activity, but the strong demand of resource from stressed apical ramets
represented a constant sink that penalized the growth of the basal ramets.

Another interesting result is related to the effect of glyphosate on biomass partitioning
pattern. Under control conditions (no glyphosate added) we observed a developmental
division of labor triggered by integration, with an increase of the biomass allocated to roots
in basal ramets (i.e., specialization to acquire soil resources) and a decrease of the biomass
allocated to roots in the apical ramets (i.e., specialization to acquire aboveground resources).
Similar results were described previously for C. edulis under homogeneous conditions [52].
However, our results showed that application of glyphosate to apical ramets inverted
this response in basal ramets; thus, untreated basal ramets connected to apical ramets
sprayed with glyphosate significantly reduced the proportional production of roots. A
plausible explanation for this result is that the addition of glyphosate to the leaves of the
apical ramets affected their photosynthetic capacity so that they could not maintain their
function of division of labor (i.e., the acquisition of aboveground resources). To adapt to
this new situation, basal ramets changed their pattern of biomass partitioning and allocated
more biomass to capture aboveground resources in order to support their connected apical
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ramets that suffered from the negative effect of glyphosate. This explanation would also
support our explanation that the negative effect observed in the basal ramets was due to the
huge cost of maintaining the growth of their apical ramets highly stressed by glyphosate.
While division of labor could occur even if glyphosate was applied on basal ramets, it
cannot be maintained when glyphosate was applied on apical ramets, which consequently
resulted in the growth reduction of the basal ramets.

5. Conclusions

With the objective of reducing as much as possible the negative impact of glyphosate
addition applied in eradication programs, we should not only adjust the minimum effective
dose [13] but also determine whether local application over specific parts of the C. edulis
clump can maintain the effectiveness of glyphosate, as the latter can also reduce the use
of the herbicide. Our results suggest that glyphosate application to only the apical parts
can already efficiently restrict the growth of the whole clone of C. edulis. This application
approach can greatly reduce the amount of glyphosate used and thus has both economical
and ecological values. However, it should be taken into account that the application of
glyphosate to the apical parts of the clonal system, presumably containing a lower density
of ramets, could result in the herbicide reaching the soil more easily, with a consequent
negative impact. To evaluate the robustness of this approach, field experiments should
be conducted with C. edulis to test its effectiveness and application values. Although
we conclude that glyphosate can be used for effective control of Carpobrotus, our results
must not lead to complacency about use of herbicides, which can cause severe damage
to habitats.
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