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The invasive weed Parthenium hysterophorus has severely disrupted
ecosystems worldwide, driven by its persistent seed bank and phytotoxic
compounds that suppress surrounding vegetation and negatively impact
herbivorous mammals. It is widely assumed that wild ungulates avoid
parthenium weed-dominated areas due to its presumed unpalatability and
toxicity, but direct evidence is limited. We experimentally tested whether
ungulates in an African savanna actively forage on parthenium weed
by contrasting herbivore foraging in mechanically cleared and controlled
areas using exclosures in parthenium-invaded areas. We also assessed
whether reduction in body condition scores was associated with foraging
on parthenium weed, and whether herbivory suppresses parthenium
weed regrowth. Our experimental results show that ungulates foraged on
parthenium rosettes without apparent negative impacts on body condition.
Notably, herbivore activity significantly reduced parthenium cover in
cleared areas. These findings reveal a previously undocumented potential
for leveraging wild ungulate herbivory as a biocontrol mechanism for
managing parthenium weed invasions.

1. Introduction
Alien invasive plant species pose a substantial threat to the ecological
integrity of open canopy and savanna systems by altering vegetation
structure, nutrient cycling and fire regimes [1–3]. Their establishment often
leads to the displacement of native grasses and woody plants, reducing
biodiversity and undermining the resilience of these ecosystems [4]. Invasive
species can also disrupt key ecological processes, such as herbivore foraging
dynamics and predator–prey interactions, ultimately affecting both wildlife
populations and human livelihoods dependent on savanna resources [5].
Understanding and mitigating the impacts of invasive plants is, therefore,
critical for the conservation and sustainable management of African savanna
landscapes.

Invasive plants can alter herbivore foraging patterns by outcompeting or
replacing native food sources. Herbivores often rely on visual and olfactory
cues to select foraging sites, associating high biomass with nutritional quality
[6]. When invasive plants form dense stands, such cues may lead herbi-
vores to selectively use these invaded areas. However, if the invasive forage
lacks nutrients or contains detrimental secondary compounds, there may be
negative effects for the herbivore, potentially causing ecological traps [7,8].
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Parthenium hysterophorus L. (Asteraceae), commonly referred to as ‘parthenium weed’, is an infamous weed [9] and one
of Earth’s most destructive invasive plants [10]. Native to the American tropics, it has successfully invaded much of Asia,
Africa and Oceania. Parthenium weed primarily invades areas that have been disturbed or overgrazed [2], where it forms
dense monocultures and outcompetes native flora, dramatically altering ecosystem structure and function. Parthenium weed
has far-reaching detrimental ecological and socioeconomic impacts [11–13] and adverse effects on agricultural productivity and
livestock health [14]. Its ability to invade and dominate vegetative cover in grasslands is a function of its life history [15], with
its ability to germinate year-round [4] and maintain a long-lived seed bank [15]. Its potent secondary compounds are known
to pose risks to mammals; in livestock, ingestion has been linked to toxicity, reduced productivity and, in severe cases, death
[16,17].

Despite widespread concern about the threat parthenium weed presents to wildlife, little research has examined its impact
on wild ungulates. It is commonly believed that wild mammalian herbivores avoid areas dominated by parthenium weed due
to its presumed unpalatability and toxicity [2,18,19], which limits available forage; therefore, if parthenium weed is detrimental
to herbivores, negative health consequences should be observable. Alternatively, while herbivores may facilitate aspects of
exotic plant invasions [20], it may be that herbivory impedes parthenium growth, much like herbivory limiting liana growth in
East Africa [21]. To test these assumptions and gain a better understanding of wild ungulate responses to parthenium weed, we
addressed the following questions: (i) do ungulates alter their activity in areas with high parthenium weed density? (ii) Do the
most common species frequenting these areas have relatively poorer body conditions? (iii) Does herbivory limit the growth of
parthenium weed? We predicted that (i) ungulates would avoid areas dominated by parthenium weed, (ii) individuals in these
areas would exhibit signs of poor body condition or nutritional stress (e.g. [1]) signalling evidence for an ecological trap and
(iii) herbivory would have minimal impact on the weed’s growth or abundance. Alternatively, if ungulates do forage on and
suppress parthenium weed, this may be an approach to controlling parthenium weed within African savannas [22,23].

2. Methods
(a) Study area
We conducted our research in Mlawula Nature Reserve (26.180° S, 31.998° E), a 165 km2 protected area, located in the lowveld
of northeastern Eswatini (figure 1). The reserve occurs in the lowland savanna biome and includes part of the Maputaland-Pon-
doland-Albany biodiversity hotspot [24,25]. The dominant overstory trees in the reserve include Senegalia (Acacia) nigrescens and
Sclerocarya birrea subsp. caffra. The shrub layer, dominated by Dichrostachys cinerea and Ziziphus mucronate, can be dense (>40%
coverage) [26,27] and ground cover can be sparse (<30% coverage), with Themeda triandra and Panicum maximumas the most
common grasses. Common ungulate herbivores at this reserve include impala (Aepyceros melampus), nyala (Tragelaphus angasii),
common duiker (Sylvicapra grimmia), greater kudu (Tragelaphus strepsiceros), blue wildebeest (Connochaetes taurinus), Burchell’s
zebra (Equus quagga burchellii) and Cape bushbuck (Tragelaphus sylvaticus). The reserve receives an average of 500–750 mm of
rainfall, primarily between October and March [24].

To reduce encroaching shrubs and increase the visibility of game species, the reserve undertook mechanical clearing efforts
from November 2023 until March 2024. Using a roller-chopper, an area roughly 4 km by 150 m wide was cleared (approx. 60

Figure 1. Map of Southern Africa (A) with E indicating Eswatini, enlarged in (B) with Mlawula Nature Reserve shown in grey, where the study was conducted. An
adult parthenium weed (C), experimental set-up showing a cage (left) and an open treatment highlighted by white dashed line (right) (D), and herbivory damage on a
parthenium rosette (E).
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ha). This activity resulted in areas with negligible shrub cover and highly disturbed ground cover. At the beginning of May
2024, the ground cover of the roller-chopped area appeared to be dominated by parthenium weed and woody debris.

(b) Ungulate activity
To test if there were differences in ungulate activity and body condition within areas of extensive parthenium weed coverage,
we established 11 sites within the reserve: five sites in the recently disturbed parthenium weed-abundant areas (parthenium
coverage > 80%) and six sites in adjacent areas (500–1500 m from the cleared area) that spanned a range of ground cover
(20–60%) and were relatively parthenium weed free. At each site, we installed three game cameras, with two cameras (Moultrie,
M-880, Birmingham, Alabama) programmed to capture photos and one to record videos (Browning Dark Ops, Morgan, Utah).
We installed cameras on trees at 50 cm height, facing game trails. We removed any small woody and herbaceous vegetation in
the line of sight of the cameras as needed [28] and programmed cameras to record 30 s videos or take a burst of three photos
every minute when motion was detected.

We compiled detection data from all camera traps and processed them using the camtrapR package [29]. To reduce the
chances of counting individuals multiple times, we only retained detections where there were at least 15 min separating them
from another detection of same species on the same plot [30]. To analyse treatment effects, we focused on all herbivores
combined as well as individual herbivore species with >25 detections. We modelled detection counts using generalized linear
models with a quasi-Poisson distribution to account for overdispersion. We included treatment (cleared site versus uncleared
site) as a fixed effect and added the log of camera days as an offset to account for variation in survey effort. We visualized
predicted responses of herbivores with statistically significant responses.

(c) Body condition
To quantify the body condition of the two most common ungulates (impala and nyala), we randomly selected 10 independent
detections of each species from each site. In cases where multiple animals occurred in the detection, we scored the animal
closest to the camera. If the randomly selected detection was not scorable (e.g. too far from the camera), we move forward in
time until the next scorable detection of that species was found. We ranked ungulates using the visual body condition score
described by Riney [31]. Animals were given a score of 1 (poor), 2 (fair) to 3 (good) based on an examination of ribs and pelvic
region. We calculated average scores and the proportion of poor and fair individuals in each treatment. Additionally, if no
individuals were scored as poor, we compared the proportion of fair with good individuals between areas (cleared, uncleared)
using a generalized linear mixed model (GLMM) with a binary distribution and area type (cleared, uncleared) as a fixed effect
and site as a random effect.

(d) Ground cover
To quantify the difference in the ground cover between clear and unclear sites, we randomly placed a 1 m2 quadrat within the
detection zone of each camera set on video mode. We classified the per cent ground cover in each quadrat into five categories:
bare ground, grasses, forbs, woody vegetation and parthenium weed.

We analysed how proportional ground cover, including parthenium weed, differed between cleared and uncleared sites by
modelling variation in the cover of each vegetation category (bare ground, grasses, forbs, woody vegetation and parthenium
weed). To avoid violating the assumption of independence among compositional cover types, we fit separate GLMMs for each
category using a beta distribution in the glmmTMB package [32] in R [33]. Each model included treatment group (cleared versus
uncleared) as a fixed effect and plot as a random effect. We used an ANOVA to evaluate treatment effects within each category
and estimated marginal means with the emmeans package [34]. We then conducted pairwise comparisons between treatments
within each vegetation category, and p-values were adjusted for multiple comparisons using the Holm method to control for
family-wise error across the set of tests. Finally, we visualized the predicted responses and 95% confidence intervals for each
ground cover category and considered pairwise differences statistically significant when p < 0.05.

(e) Parthenium exclusion plots
To test if ungulates could influence the growth of parthenium weed rosettes, we used a before–after, control–impact experimen-
tal design. We identified an additional seven sites with extensive parthenium weed growth in areas that had been disturbed,

Table 1. Pairwise comparisons of ground cover categories in cleared and uncleared plots. The table includes estimates of cover, z-scores and Holm-adjusted p-values.

cover category cleared uncleared z-score p

bare ground 0.59 0.38 1.45 0.334

forbes 0.08 0.13 −1.59 0.334

grasses 0.14 0.40 −2.19 0.113

parthenium 0.08 0.01 3.07 0.010

woody 0.10 0.08 1.08 0.334

3

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 22: 20250623



near the sites where ungulate activity was monitored. At each site, we identified two 60 × 60 cm plots with roughly comparable
amounts of parthenium weed and bare ground. For each pair, we randomly selected a treatment plot to receive a wired cage (60
× 60 × 60 cm cube wrapped in 10 mm mesh wire), while the paired plot was left open to herbivores (control). While the cages
were also likely to exclude more cryptic herbivores (e.g. birds and rodents), our cameras, observations and detailed inspections
of herbivory on the plants did not indicate these smaller herbivores were foraging on the sites with extensive parthenium weed.
We installed the exclosures on 25 May 2024 and removed them after six weeks (6 July 2024). To assess the cover and foraging
activity on parthenium weed, we took a standardized image of each plot using an iPhone 13 Mini® at a height of 110 cm
perpendicular to the ground when exclosures were put up (May) and then again after six weeks (July).

We used the images to quantify parthenium weed cover in each cage or plot by first cropping the image into equally sized
squares using Adobe Photoshop (v. 6.0) and removing vegetation that was not parthenium weed using the eraser tool. Next, we
used the colour threshold in ImageJ (v. 1.54, [35]) to adjust the hue and brightness levels (range: 40–50) and to isolate green plant
material, which represented parthenium weed cover. Then we converted each image to a binary layer (black/white) to estimate
parthenium weed cover. Additionally, we imported the binary image into DotDotGoose (v. 1.7.0, accessed 2024 [36]) to estimate
the proportion of plants that showed evidence of foraging. Using the original images in DotDotGoose, we were able to count the
number of rosettes and adults that showed clear evidence of herbivory (electronic supplementary material, figure S1).

To evaluate changes in the amount of cover and the portion of parthenium weed eaten following the exclusion experiment,
we used a paired repeated measures design. We compared treatment and control plots both before and after the exclusion using
a paired Hedges' g to estimate standardized effect sizes. We used Hedges' g to express the difference between group means
in units of pooled standard deviations (s.d.), allowing biological interpretation of effect magnitude (e.g. values >0.8 indicate
large effects; [37]). An advantage of Hedges’ g over non-parametric alternatives (e.g. median differences) is that it captures
both the size and consistency of treatment effects by incorporating within-pair variation. This allows a clearer interpretation
of how large and reliable the exclusion effects were, beyond central tendency alone [37,38]. We calculated bootstrapped 95%
confidence intervals and conducted two-sided permutation t-tests [39,40]. We visualized the raw paired data, effect sizes
and bootstrapped confidence intervals using Gardner–Altman estimation plots [38]. All analyses were conducted using https://
www.estimationstats.com/#/ and dabestr 3.0 R package [40].

3. Results
We found differences in the per cent cover of parthenium between cleared and uncleared areas (z-score = 3.08, adjusted p
= 0.010). No other ground cover category differed significantly between cleared and unclear plots (electronic supplementary
material, figure S2). The ground was covered by roughly 8% parthenium (95% CI 4–18%) on cleared site and only 1% in
uncleared sites (95% CI 0–3%; table 1, electronic supplementary material, figure S2).

We recorded 2516 independent detections from 10 different ungulates. We modelled the total ungulate and species-level
responses to cleared and uncleared areas for all species except red duiker (Cephalophus natalensis, n = 21), Burchell’s zebra (Equus
quagga burchellii, n = 12) and bushpig (Potamochoerus larvatus, n = 8), which had limited numbers of detections. All ungulates
combined and the two most common species, impala and nyala, presented significantly more activity in the cleared plots (table

Figure 2. Predicted herbivore activity in cleared and uncleared plots based on quasi-Poisson generalized linear models. Bars represent model-estimated mean
detections per plot for (A) all herbivores combined, (B) impala and (C) nyala, adjusted for sampling effort (log-transformed camera days included as an offset). Error
bars show 95% confidence intervals. Black dots represent raw observed detection counts per plot.
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2, figure 2), with 229, 406 and 129% increases, respectively. The body condition scores of both impala (cleared x̄ = 2.74, 95% CI
[2.62–2.86]; uncleared x̄ = 2.75, 95% CI [2.64–2.68]) and nyala (cleared x̄ = 2.88, 95% CI [2.79–2.97]; uncleared x̄ = 2.78, 95% CI
[2.78–2.95]) were almost identical between treatments and did not differ statistically (nyala β = −0.12, p = 0.835; impala β = 0.06,
p = 0.918). For impala, we scored 25.5% of the population to be in fair condition, and for nyala, we only consider 12.7% of the
population to be in fair condition.

When examining ungulate exclosure plots, before the start of the experiment, we found no differences between treatment
and control plots for parthenium weed cover (Hedge’s g = −0.26 [95% CI −1.60, 1.21], p = 0.637) and the portion of parthenium
eaten (Hedge’s g −0.21 [95% CI −1.30, 0.81], p = 0.806). However, after six weeks of excluding herbivores, cover of parthenium
weed increased within exclosures (Hedge’s g = 1.43 [95% CI 0.57, 2.54], p = 0.011), while the portion eaten declined markedly
(−1.95 [95% CI −3.05, −1.09], p < 0.001). The decline in herbivory represents a reduction of nearly 2 s.d., while parthenium cover
increased by roughly 1.5 s.d. units (figure 3).

4. Discussion
Our study provides empirical evidence that wild ungulate herbivores, specifically impala and nyala, actively forage on
parthenium weed in an African savanna. Contrary to expectations of avoidance and potential fitness costs, we found that
ungulates were more active in areas with higher parthenium weed densities and that body condition did not differ between
animals in areas with high or low abundance of parthenium weed. Most notably, the herbivory appeared to suppress parthe-
nium weed growth, preventing flowering.

Herbivores did not appear to experience any detrimental effects from the parthenium weed. This may be due to the majority
of unexcluded plants being juveniles in the rosette stage. Parthenium weed has an aggressive ability to take up nutrients,
particularly nitrogen and phosphorus [39], which may mean juvenile rosettes contain higher nutrient concentrations [39,40]
and may also have lower concentrations of chemical defences [39–41]. This potential combination of higher nutritional value
and reduced toxicity, particularly lower concentrations of parthenin and other sesquiterpene lactones that are known to deter
herbivores [42], may make juvenile plants more desirable to ungulates. Moreover, parthenium weed may also be desirable
during the dry season, when this study occurred, when there are often limited foraging options and fewer substantive juvenile
plants, as secondary metabolites often increase and nutritional composition often decreases due to resource limitation during
drier periods [43]. Consequently, ungulates observed in this study may have foraged on juvenile parthenium weed because of
its nutritional value and potentially reduced detrimental effects.

One explanation for why impala and nyala foraged on parthenium weed is that they may be in poor condition and have
no alternatives due to limited foraging options. However, our data showed little support for this hypothesis. We found no
differences in the body condition of ungulates found in areas with more parthenium weed. Moreover, the 25.5% of impala
in fair condition was comparable with other studies that have used the same approach to assess body condition [44–46]. The
absence of body condition differences could be because the impala and nyala are using physiological or behavioural adaptations
to mitigate harmful effects [47,48], such as selective feeding, rumen detoxification, regulating intake over time and building
tolerance over time [48]. Furthermore, the absence of poor body condition indicates that we do not have evidence of a trap, but
specific experiments to explore fitness and using older parthenium weed could test this concept more explicitly.

The ability to consume toxic plant species could contribute to the suppression of invasive plant populations [21,49]. While
herbivores are often implicated in facilitating invasions through seed dispersal and disturbance, evidence suggests that selective
browsing on invasive species may reduce their competitive advantage and limit their dominance in certain ecosystems [50]. For
example, in East Africa, giraffes were shown to stem the growth of lianas [21]. Furthermore, in North America, white-tailed deer
(Odocoileus virginianus) selectively browse on several invasive plants, reducing their spread [51,52]. As mammalian herbivores
are capable of ingesting/consuming toxic invasive plants, native mammals could act as a potential biocontrol mechanism.

These findings raise important new questions about the ecological interactions between wild ungulates and P. hysterophorus.
First, there is a need for detailed analyses of the nutritional content and chemical defence profiles of parthenium at different
developmental stages to identify precisely what makes juvenile plants palatable in the savanna. Second, it is important to assess

Table 2. Detections and modelled treatment (cleared, uncleared) effect sizes (β) of each herbivore. We set cleared sites as the reference category with negative score,
suggesting less activity on uncleared sites. We also report standard errors (s.e.), test statistics and p-values.

species detections β s.e. z-score p

all herbivores 2516 −1.19 0.24 −4.88 <0.001

impala 1246 −1.62 0.44 −3.68 0.005

nyala 853 −0.83 0.28 −2.95 0.016

bushbuck 131 −0.19 0.74 −0.25 0.806

blue wildebeest 125 −3.81 2.81 −1.36 0.208

greater kudu 50 1.56 1.09 1.43 0.185

warthog 39 −1.99 1.04 −1.92 0.087

common duiker 30 0.97 1.17 0.83 0.427

5

royalsocietypublishing.org/journal/rsbl 
Biol. Lett. 22: 20250623



whether this foraging behaviour is specific to mixed (i.e. animals that browse and graze) feeders like impala and nyala or occurs
in other herbivores. Finally, the short-term nature of our study limits our ability to assess the long-term population-level effects
of herbivory on parthenium. Herbivory alone may not directly translate into reduced seed output or population decline due to
the presence of the long-lived, extensive seed bank. Future work should test whether parthenium consumption is an adaptive
feeding strategy and whether herbivory prevents plants from reaching reproductive maturity, reducing seed banks, therefore
reducing spread.

Ethics. Animal research was conducted under IACUC no. 202011155.
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