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ABSTRACT

Megaherbivores are typically regarded as agents of top-down control, limiting woody encroachment through destructive forag-
ing. Yet they also possess traits and engage in behaviours that facilitate plant success. For example, megaherbivores can act as
effective endozoochorous seed dispersers. However, studies on facilitative roles are heavily biased towards the African savanna
elephant (Loxodonta africana), with little attention paid to other species or to effects beyond germination, across early ontogenic
stages. The African black rhinoceros (Diceros bicornis), an obligate browser that exhibits frugivory and defecates in fixed dung
middens, may offer ecologically distinct dispersal services. We conducted controlled experiments to test whether black rhino in-
teractions with Vachellia erioloba, a leguminous tree of ecological importance in arid savannas, enhance germination, early seed-
ling development or seedling resilience to herbivory. Germination was compared among dung-derived seeds, untreated controls
and chemically scarified seeds. Seedling growth was assessed in dung versus sand and under simulated black rhino herbivory.
Dung-derived seeds germinated most steadily and produced the highest cumulative germination (+40%) over the longest period
(+13days). Growth trials revealed that dung substrates did not enhance initial growth. Rather, seedlings being older conferred
greater resilience to biomass loss than exposure to different substrate conditions. Our results provide the first experimental
evidence of an apparent mutualism between black rhino and V. erioloba. This relationship is not driven by enhanced seedling
development through legacy effects of gut passage, nor by dung conditions, as expected. Instead, it stems from gut passage effects
on germination. In addition to increasing total germination, gut passage accelerates germination and extends the germination
period, producing a seedling cohort with both older individuals and greater age variation—a population structure that may en-
hance persistence beyond the germination bottleneck. This research supports a more nuanced view of megaherbivores as both
disturbance agents and mutualists in arid ecosystems.

1 | Introduction Parr et al. 2014; Stevens et al. 2017). However, these systems

face widespread transformation due to anthropogenic pres-
Open ecosystems, such as grasslands and savannas, hold im- sures. One of the most pervasive threats is woody plant en-
mense ecological, economic and cultural value, and play an croachment: the densification of woody vegetation and closure
essential role in regulating Earth's carbon cycle (Bond 2019; of open habitats (Garcia Criado et al. 2020). Driven primarily
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by rising atmospheric CO,, woody plant encroachment has
cascading impacts on biodiversity, productivity and global cli-
mate feedbacks (Kristensen et al. 2024; O'Connor et al. 2014;
Miinch et al. 2019; Smit and Prins 2015). These challenges are
pronounced in arid savannas, where vegetation dynamics are
highly responsive to disturbance regimes (Case et al. 2019;
Scholes 2020).

The extinction (Gill et al. 2009) or functional loss (Ripple
et al. 2015) of Pleistocene megaherbivores has likely contributed
to the widespread vegetation shifts. Megaherbivores (> 1000kg)
have traditionally been viewed as suppressors of woody plant
encroachment, reducing woody proliferation through destruc-
tive foraging, trampling and debarking (Hempson et al. 2015;
Holdo et al. 2013; Midgley and Bond 2015; Midgley et al. 2020).
However, these species are increasingly recognised as ‘ecosystem
engineers’ (Enquist et al. 2020; Haynes 2012; Malhi et al. 2016;
Owen-Smith 1987), whose interactions with vegetation are not
solely antagonistic. In addition to top-down control, megaherbi-
vores engage in behaviours that may have facilitative ecological
outcomes for woody plants. For example, seed ingestion may
enhance woody plant dispersal and germination (Anderson
et al. 2014). To build a more nuanced and ecologically realis-
tic understanding of megaherbivore systemic contributions, it is
necessary to understand the full spectrum of their interactions
with vegetation—including those that may be mutualistic.

Allometric scaling relationships of seed ingestion, gut passage
time and daily movement distances suggest that megaherbivores
are particularly effective seed facilitators (Abraham et al. 2020;
Miller 1995; Pires et al. 2018; Stavi et al. 2015). Compared to
smaller species, megaherbivores ingest a greater absolute num-
ber and diversity of seeds, which they transport over espe-
cially long distances (Bunney et al. 2017; Campos-Arceiz and
Blake 2011; Doughty et al. 2013; Haynes 2012; Hobbs 1996), often
with increased survival due to their less destructive dentition
(Stavi et al. 2015). Most megaherbivores are hindgut fermenters
(with the exception of giraffes), characterised by lower gut acid-
ity and proportionally shorter retention times than ruminants.
This digestive strategy exposes seeds to mild mechanical and
chemical scarification, enhancing germination potential while
preserving viability (Stavi et al. 2015). Indeed, Campos-Arceiz
and Blake (2011) found that germination rates of Balanites wil-
soniana increased from 3% to 57% after ingestion by African el-
ephants. Moreover, their ability to consume large seeds offers
plants an evolutionary avenue to circumvent the trade-off be-
tween seed size and dispersal effectiveness (Doughty et al. 2016;
Pires et al. 2018).

Megaherbivores can facilitate plant success across multiple
ontogenetic life stages. Their impacts may influence seedlings
abilities to overcome both biotic and abiotic bottlenecks to ger-
mination, recruitment and early establishment, potentially
offering a survival strategy well suited to the unpredictable
rainfall and disturbance patterns of arid savannas (February
et al. 2019).

Consumption and subsequent dispersal of seeds (endozoochory)
plays a central role in influencing when and where seeds ger-
minate, maintaining genetic structure, linking populations
and driving species distribution across heterogeneous natural

systems (Clark 1998; Zhu et al. 2023). Thus, as climate shifts
intensify, long-distance dispersal agents like megaherbivores
may play a crucial role in assisting plant species to track habit-
able environmental niches (Frei et al. 2018; Fricke et al. 2022).
This might be particularly true in semi-arid environments,
where climate shifts are severe and where herbivores disperse
seeds further because they need to cover more ground to meet
their biological needs, so occupy larger home ranges (Huang
et al. 2023).

An advantage of herbivore-mediated germination is its function
as a bet hedging survival strategy (Anderson et al. 2012; Baskin
and Baskin 2001): Only a subset of seeds are freed from pods
and stimulated to germinate, while the remainder lie dormant
in a persistent seed bank (Odirile et al. 2019). This prohibits the
loss of an entire generation after germination following tempo-
rarily favourable conditions. Endozoochory may also help seeds
circumvent pre-dispersal predation by insects such as bruchid
beetles. By consuming pods early in the season and depositing
seeds away from parent plants, megaherbivores may reduce
beetle oviposition rates. Studies even suggest that seeds already
predated upon may be sterilised in the gut while still viable
(Coe and Coe 1987; Hoffman et al. 1989; Lamprey et al. 1974;
Miller 1995; Miller and Coe 1993; Pellew and Southgate 1984).

During early seedling development (the first year of growth),
megaherbivores may continue to shape recruitment outcomes
through secondary effects. Dung deposition could offer a
nutrient-rich, moisture-retaining microhabitat that can favour
seedling emergence and early survival (Anderson et al. 2014;
Miller and Coe 1993; Pellew and Southgate 1984). However, this
is disputed by Miller (1995) who found lower seed germination
rates in dung compared to bare soil. Additionally, depending on
the plant species, seedling browsing by megaherbivores can have
a negative effect on height growth and cause mortality, with
consequences for population dynamics (Tsumele et al. 2007;
Archibald and Bond 2003).

Despite growing recognition of megaherbivore-plant mutual-
isms (Awasthi et al. 2024; Campos-Arceiz et al. 2008; Dinerstein
and Wemmer 1988), research remains heavily skewed toward
the African savanna elephant (Loxodonta africana; Bunney
et al. 2017; Hyvarinen et al. 2021). The African black rhinoc-
eros (Diceros bicornis) remains particularly understudied, with
existing research largely focused on its seasonal dietary prefer-
ences and habitat use in cooler, more fertile regions (Hyvarinen
et al. 2021; Landman et al. 2013; Lush et al. 2015; Schwabe
et al. 2015; Shaw 2011; Sterk et al. 2023). Yet, due to their ob-
ligate browsing, seasonal frugivory and habitual defecation in
fixed dung middens (Bunney et al. 2017) black rhinos may serve
as important yet underappreciated facilitators of woody plant
recruitment due to a possible megaherbivore-plant mutualism.
Historically abundant across much of Africa (Owen-Smith 1987,
1989), black rhinos may have exerted significant influence on
vegetation dynamics in the past.

Here, we examined the effects of black rhinos on the germi-
nation and early recruitment of Vachellia erioloba, a widely
distributed and ecologically important tree in arid regions
(Odirile et al. 2019; Palgrave 1983; van Wyk and van Wyk 1997;
Vincent et al. 2024). As a nitrogen-fixer, V. erioloba improves
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soil fertility, provides shade and facilitates understorey
plant growth, supporting hotspots of biodiversity (Scogings
and Sankaran 2019; Seymour 2006; Vincent et al. 2024).
V. erioloba invests in indehiscent pods (Miller 1995, 1996;
Palgrave 1983; van Wyk and van Wyk 1997) and hard, semi-
water-impermeable coats that delay germination (Baskin
and Baskin 2004; Milton 1987; Odirile et al. 2019; Tran and
Cavanagh 1984). Such protective structures pose a trade-off;
while enhancing seed longevity, they inhibit effective germi-
nation. For this reason, V. erioloba tends to have symbiotic
relationships with large herbivores that consume pods and fa-
cilitate dormancy breakage (Seymour 2006). A range of large
herbivores, including black rhino, kudu and giraffe, have been
observed consuming V. erioloba pods. Yet, to date, only ele-
phants have been empirically shown to enhance germination
following gut passage (Coe and Coe 1987; Lamprey et al. 1974;
Miller 1995; Pellew and Southgate 1984). We tested for a po-
tential mutualism between black rhinos and V. erioloba, not
only through germination enhancement but also by consid-
ering post-germination seedling recruitment effects that are
demographically critical in savanna environments. Few stud-
ies, if any, have explored such interactions at ontogenic stages
other than germination.

Specifically, we hypothesised that:

1. Gut passage significantly enhances germination. We ex-
pected positive effects of scarification and weakening of
the seed coat during gut passage would be reflected in the
germinability of seeds collected from dung.

2. Seed viability is diminished by the duration between pod
shedding and seed dormancy breakage. We expected that
seeds from dung collected later in the season, which would
have been retained in pods on the ground for a prolonged
period, would be less viable than those ingested and dis-
persed before substantial exposure to environmental
stressors.

3. Legacy effects of gut passage enhance the initial growth
of seedlings. We expected acid scarification during diges-
tion would improve seed coat permeability, enabling more
efficient water uptake and faster resource allocation to in-
itial root elongation and shoot emergence, resulting in en-
hanced seedling vigor.

4. Seedlings grown in dung recover better after simulated
herbivory (clipping) than those grown in sand. We ex-
pected that properties of the dung, such as improved water
retention or high nutrient content, would confer benefits to
seedling development and thus enhance their resilience to
disturbance events.

2 | Materials and Methods

2.1 | Study Site

This study took place at Tswalu Kalahari Private Game Reserve
in the southern Kalahari Desert, Northern Cape, South Africa

(27°13'30” S and 22°28'40” E). Summer temperatures exceed
40°C, and winter temperatures drop below freezing (Tokura

et al. 2018). Rainfall is highly variable and arrives as short,
patchy thunderstorms (van Rooyen and van Rooyen 2017, 2022).
Elevation ranges from 1020 to 1586m (Rymer et al. 2014; van
Rooyen and van Rooyen 2017, 2022). Fire has been excluded
since reserve establishment, aside from occasional acciden-
tal burns.

Vegetation is classified as Kalahari Dune Bushveld (Mucina
and Rutherford 2006; van Rooyen and van Rooyen 2017,
2022), underlain by reddish-brown aeolian sands (van Rooyen
and van Rooyen 2017). Dominant woody species are patchily
distributed (detailed in the Supporting Information, hereaf-
ter ‘ST’).

Tswalu hosts a range of large vertebrate herbivores native to
the region, along with species that historically appeared sea-
sonally but are now permanent residents within the fenced
area (Webster et al. 2024). This includes a growing population
of desert black rhino (Diceros bicornis bicornis), reintroduced
from Etosha National Park in 1995. The southern Kalahari falls
within their historic range, and they now serve as a flagship spe-
cies for conservation at Tswalu.

2.2 | Methods Overview

See Figure 1

2.3 | Germination Assays
2.3.1 | Seed Collection

Seeds were initially collected from black rhino dung to identify
the study species, followed by mature pod collection.

Dung samples were collected over 2weeks each in April and
July 2023, post-wet season (November to March). By this stage,
all indehiscent pod-bearing species had produced mature pods,
so their seeds would have been present in boluses if consumed
by rhinos and able to withstand gut passage. The two collection
periods were intended to contrast seeds with minimal (April)
versus prolonged (July) environmental exposure. With assis-
tance from field rangers, fresh black rhino dung (<2days) was
located by backtracking from waterholes, and all intact seeds
were removed from boluses. As rhinos have distinct territories,
dung from a midden typically reflects the diet of only a few indi-
viduals. To maximise the number of individual rhinos sampled,
thereby capturing variable gut passage effects on seeds, dung
seeds were collected across Tswalu. This also optimised the
genetic diversity among seeds to account for potentially varied
germination responses.

Only V. erioloba seeds were found intact and in high densities
(see SI). Accurate identification was confirmed by germinating
and growing seedlings during the experiments until distinctive
characteristics emerged.

In April, fallen pods were collected from beneath V. erioloba
trees randomly distributed across Tswalu. Pods were diversely

30f 16

85USD| 7 SUOWIWOD BAITER.D) 3ot dde 8Ly Aq pausenob ake sspie YO ‘8sn JO SN Joj AkeiqiTauljuQ A8|1M UO (SUONIPUCO-pue-swis)woo A8 | 1M Afelq 1 pUl|UO//:Sdny) SuonIpuoD pue swie | 8y 8es *[520z/60/2z] uo Ariqiaullu A8|iM ‘(Pepiues ap oLeSIUIN) UOSIAOI] [UOIIEN 8URIYR0D Usiueds Aq TSET/ €899/200T OT/I0p/W0d A8 | 1M Akeq Ul juoy/:sdny woiy pepeojumod ‘6 ‘G202 ‘85L.Sv02



Experiment 1: Disentangling the effects
of black rhino gut passage

Experiment 2: Assessing the impact of
field exposure on seed germinability

12-hour photoperiod, 16/32 °C
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After Experiment 1 only:
- Germinants translocated for further testing
- Petri dish removals every 14 days (batches A-D)

- Batches held in greenhouse (28 days ea.)
- Staggered introduction to control room
(when each batch ~42 days old, since germination)
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Lettermg key (Experiments 1 and 2)

Treatment
T1 - Dung seed, consumed by rhino
T2-  Control seed, from pods

T3 -  Hydrochloric acid (HCI)
T4 -  HCI + Gibberellic acid (GA3)

D - Dungseed

C - Control seed

A - April (collection time)
J - July (collection time)

Control room housing seedling batches A -> D

12-hour photoperiod, 16/32 °C

Experiment 3. Monitoring early development
Seedlings monitored for 1 month:

- Stem width, plant height

- Soil moisture & temperature recorded throughout

\ 4

Experiment 4. Simulating rhino herbivory
After 1 month (batches are ages 102-153 days):
- Seedlings clipped at 45° to 2 cm tall

- Monitoring continued for further 6 months

Symbols key (all diagrams)

@  Seed retrieved from rhino dung
Seed collected from seed pods
Seed soaked in HCI
Seed soaked in HCl and GA3

[ J

(@)

(@)

Q Petri dish with Whatman filter paper
@  Temperature i-button

Pot holding Tswalu sand/ rhino dung

FIGURE1 | Overview of the experimental workflow, illustrating how surviving individuals were integrated into successive experiments testing
germination, growth and recovery. Only Experiment 2 used a unique seed set.
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shaped and sized, particularly as the distance between trees
increased (pers. obs.), which could be a morphological indica-
tion of genetic diversity, as found in Vachellia caven by Pometti
et al. (2010).

Seeds were processed immediately at the C.L.I.ME Laboratory,
Stellenbosch University (Climate and Invasions: Mechanisms
in Ectotherms; Department of Botany and Zoology). Pods were
opened and seeds submerged in distilled water to check for
bruchid beetle infestation and viability. Only flawless, sinking
seeds were selected as sample individuals. Dung seeds were
rinsed with distilled water and processed similarly. By minimis-
ing variability in initial seed quality, processing standardised
the viability potential between seed treatment groups, facilitat-
ing a robust comparison. The first germination trial commenced
within a week but the second trial was delayed by 12weeks due
to incubator constraints, during which time seeds were stored at
22°C+2°C in paper bags.

2.3.2 | Microscope Assessment

Prior to the germination assays (Experiments 1 and 2), 10
seeds each from pods and dung were examined under a ste-
reo microscope (LEICA M125, with MC190 HD camera) to
check for visible differences in the external condition of the
seed coats.

Refer to Figure 1 for a visual summary of experiments 1-4.
Methodology is detailed below.

2.3.3 | Experiment 1: Disentangling the Effects of Gut
Passage on Germination

To assess whether gut passage enhanced germinability, our
first germination trial compared dung seeds to pod seeds. Only
April-collected seeds were used.

900 pod seeds and 300 dung seeds were disinfected in 3% chlorine
bleach (1:5) for 2 min. Pod seeds were divided into three groups
(n=300 ea.): untreated Control, HCl-treated and HCI+ GA-
treated. To simulate acid scarification alone (disentangling it
from other digestive processes like mechanical abrasion and
exposure to heat or enzymes), the second group was soaked in
0.000033M HCl for 20h, followed by 0.00977 M HCI for another
20h. Protocols were designed based on black rhino digestive in-
formation in Clemens and Maloiy (1982) and Dierenfield (1993).
The third group was soaked in gibberellic acid (GA; 50mg/L,
Kimix, >90% purity) for 8h following similar HCI treatment.
The control and GA groups served as minimum and maximum
germination benchmarks, contextualising the dung and HCI
treatments. See SI for a detailed explanation and the underlying
rationale of the HCIl and GA treatments.

The germination trial was run in a thermostatically controlled
growth chamber (Panasonic MIR-254). Each treatment group
(Dung, Control, HCl and GA) comprised 20 replicate Petri
dishes (9cm), each lined with two layers of grade 1 Whatman
filter paper, pre-moistened with 5mL of distilled water and

containing 15 seeds. To prevent moisture loss, all Petri dishes
were sealed with Parafilm M. The growth chamber was
equipped with warm white fluorescent tubes (KD21 Striplight;
Radiant, 16 W) and set to a fixed temperature regime of 16/32°C
with a 12-h thermoperiod and a matching light/dark photope-
riod. Petri dishes were monitored daily for germinants (radicle
>1mm) over 86days (~11 weeks), well beyond the typical germi-
nation period for V. erioloba seeds (6-8 weeks; Palgrave 1983).
Moisture levels were maintained throughout. To avoid system-
atic effects related to positioning in the incubator, all dishes were
re-randomised every 2days, as in Yang et al. (1999). Germinants
were transplanted to seedling trays every 14 days.

2.3.4 | Experiment 2: Assessing Pod Exposure Effects
on Seed Germinability

This trial compared the germinability of dung seeds collected
in April and July. Both sets were from the same cohort, but July
seeds had experienced several additional months of environ-
mental exposure prior to ingestion by black rhinos. We hypoth-
esised that July seeds would show reduced performance as a
result, despite being visually intact.

We used 600 dung seeds from each month and 1200 pod seeds
(April-collected), divided into two control groups (n=600 ea.).
Each treatment (Dung April, Dung July, Control 1, Control 2)
was sown in 40 replicate Petri dishes. Apart from the increased
sample size, the experimental design replicated Experiment 1.
The trial was terminated after 12days due to time constraints
linked to upcoming fieldwork.

2.4 | Testing Early Seedling Growth and Resilience

2.4.1 | Experiment 3: Monitoring Early Seedling
Development

Seedlings from Experiment 1 were used to assess whether gut
passage conferred legacy effects on early seedling development.
We expected Dung seedlings to grow faster and taller than
Control seedlings.

Germinated seeds were removed from Petri dishes every 14 days
and transplanted into seedling trays filled with builder's sand
and perlite (1:1), a nutrient-deficient medium used to avoid
any confounding effects of substrate prior to the experiment.
The trays were housed in a greenhouse with full-spectrum
daylight supplementation and relatively stable temperatures
(16/32°C £ 5°C). Each seedling received 5mL of distilled water
weekly. After 28days, seedlings were transplanted into 15cm
pots and moved to a climate-controlled room for monitoring.
This staggered schedule created four batches, each spaced
~14days apart, that were all introduced at ~42 days of age.

Pots were filled with either Tswalu sand or fresh (<2days) black
rhino dung, collected in the field and sealed in heavy-duty bags
for <2weeks. Substrates were manually sifted to remove visible
seeds. Each pot was layered with 5cm of rockwool, 250 mL of
perlite and topped with either sand or dung.
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Seedlings from each germination treatment group (Control,
Dung, HCI and GA) were assigned as evenly as possible to
each substrate. At large, five seedlings were planted per pot.
However, when the number of seedlings in a batch was not
divisible by five, one pot contained fewer individuals to ac-
commodate the remainder. This variation was unavoidable, as
batch size was determined by the total number of seeds that
germinated during the 14-day window of the preceding germi-
nation trial. The variable pot density (i.e., the number of seed-
lings per pot) was recorded at planting and updated during
biweekly monitoring to reflect any mortalities. Four additional
pots (two per substrate) housed i-Buttons at 1 cm depth to mon-
itor soil temperature.

The room maintained a 16/32°C cycle and 12-h photoperiod, lit
by two full-spectrum, 600 W LED plant ballasts (110 x 180cm),
delivering ~500ppm. A malfunction spiked daytime tempera-
tures to a maximum of 41°C for ~1 week, with minimal effect on
nighttime temperatures. This short-term fluctuation precisely
replicated a Kalahari heat wave, which occurs frequently during
the summer season we were simulating. Analysis revealed that
seedling growth was unaffected.

Pots received 150mL water twice weekly. Prior to water-
ing, weekly soil moisture was recorded with an EC-5 probe
(ProCheck logger). Pots were re-randomised biweekly. Plant
growth measurements, namely plant length and basal stem
diameter, were recorded every 2weeks. Plant length was mea-
sured by tracing a string from the base of the cotyledons (where
a scar remains after termination) to the apical bud and recording
the string length. Stem diameter was measured using digital cal-
ipers below the first true leaves.

2.4.2 | Experiment 4: Clipping, to Simulate Black
Rhino Herbivory

To assess whether rhino dung promotes development and con-
fers resilience to disturbance, seedlings were clipped to 2cm,
after which their recovery in either substrate was monitored.
We expected seedlings grown in dung to recover most effec-
tively, as they could rely on substrate-derived nutrients and
moisture.

Plants were cleanly clipped with pruning shears at 45°, replicat-
ing the characteristic bite of a black rhino (Owen-Smith 1988).
Clipping prevents apical dominance and consequently induces
branching, a common response to disturbance among Acacias
in arid environments (Archibald and Bond 2003). To accom-
modate this, each branch length was traced with a string and
summed to calculate total plant length. All other monitoring
protocols matched those in Experiment 3.

All seedlings were clipped on the same day meaning that, since
batches were staggered by ~14days, there was a~51-day age
gap between the oldest and youngest seedlings. This design
allowed us to examine whether resilience to disturbance in-
creased with seedling maturity. The full monitoring period, in-
cluding early growth and post-clipping recovery, lasted 93 days
(x15weeks).

2.5 | Data Analysis

All statistical analyses in this study were conducted using the R
statistical environment, version 4.4.2 (R Core Team 2024).

2.5.1 | Experiments 1 and 2: Disentangling the Effects
of Gut Passage on Germination and Assessing the Impact
of Field Exposure on Seed Germinability

We applied time-to-event models to analyse seed germination,
as recommended by McNair et al. (2012) and Romano and
Stevanato (2020), with methodological guidance from Onofri
etal. (2010) and Scott et al. (1984). Unlike traditional germination
methods (indices, ANOVAS, or linear regressions), time-to-event
approaches model the distribution of individual germination
events, rather than cumulative germination proportions, offer-
ing greater statistical power. We considered three main types
of models: Kaplan-Meier (non-parametric), Cox proportional-
hazards (semi-parametric) and Accelerated Failure Time (para-
metric) models. We formatted germination data from either trial
in binary format. After inspecting survival curves and log-log
plots, we found the data exhibited a slightly leptokurtic distri-
bution, so it violated parametric assumptions, particularly in the
second trial. Consequently, the non-parametric (Kaplan-Meier)
and semi-parametric (Cox proportional-hazards) approaches
were chosen for reporting in both analyses.

Models were run using the survival package (Therneau 2023;
version 3.8-1) and visualised with survminer (Kassambara and
Kosinski 2021; version 0.4.9). Statistical significance was as-
sessed using log-rank (Kaplan-Meier) and Wald (Cox) tests, with
p-values reported and a=0.05. The Kaplan-Meier log-rank test
models the survival function S(#), or the probability of a seed not
germinating at time 7. This is the inverse of the cumulative inci-
dence F(7)/1-S(f), representing the instantaneous probability of
germination. The Cox model estimates the hazard function H(r),
or the cumulative ‘risk’ of germination.

2.5.2 | Experiments 3 and 4: Monitoring Early
Seedling Development and Clipping to Simulate Black
Rhino Herbivory

Seedling growth in sand and dung substrates, pre- and post-
clipping, was analysed by means of Generalised Linear Mixed
Models (GLMMs), using the glmer function (Lme4 version 1.1-
35.4; Bates et al. 2015).

Basal stem diameter, converted to stem area (rtr?), was selected
as the main response variable because this measure demon-
strated the best model fit. This aligns with findings that stem
diameter scales with leaf biomass across a wide variety of tree
species (Enquist and Niklas 2002; Sun et al. 2019). Plant growth
data were separated into two datasets (pre- and post-clipping)
that were treated as separate experiments, so analysed inde-
pendently but using the same statistical framework. Data from
the first 18 days of monitoring were excluded from Experiment
3 because seedlings only had a radicle and cotyledons pro-
truding from the seed, making stem-related measurements
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unfeasible. Monitoring thus spanned 4 weeks for Experiment 3
(pre-clipping) and 9 weeks for Experiment 4 (post-clipping).

Prior to the main analysis, substrate differences in soil
moisture and temperature were tested using Welch's -
tests and collinearity among predictors was evaluated via
Pearson's correlation matrices (chart. Correlation function;
PerformanceAnalytics version 2.0.4; Peterson and Carl 2020).
Variables with coefficients >0.75 were not jointly included in
models. Model distributions were selected based on residual
plots and fit diagnostics (fitdistrplus version 1.2-1; Delignette-
Muller and Dutang 2015). Although the data were normally
distributed, heteroscedasticity necessitated a semi-parametric
approach. The Gamma distribution provided the best fit for
both datasets and was theoretically applicable since it accom-
modates positive, skewed and continuous data and is com-
monly used for repeated measures (Eric et al. 2021). Unlike
the normal distribution (mean, SD), the Gamma distribution
uses shape and scale parameters, which offer more flexibility
in variance (Eric et al. 2021). We applied a log link, which
too accommodates positive-only data with positively skewed
errors and can represent an underlying multiplicative process,
which is common in ecology.

Candidate model selection was conducted to determine optimal
model structure (Tables S1 and S2). While the experimental
treatments were retained in all candidate models, the selec-
tion process considered the inclusion of additional biologically
motivated covariates like soil moisture, temperature and pot
density, as well as feasible interaction terms. Candidate mod-
els were ranked using the second-order Akaike Information
Criterion (AICc), computed via the AICc function (AICcmodavg
version 2.3-3; Mazerolle 2023). AICc was preferred over AIC
due to small sample size, since it includes a correction for low
numbers of observations relative to model parameters (Hurvich
and Tsai 1989). Model rankings were based on AAICc values
and cumulative Akaike weights (aictab function). Following
Burnham and Anderson (2002), models with AAICc <2 were
considered equally plausible; those with AAICc between 2 and 7
had less support; and those with AAICc >7 were excluded from
interpretation. If AAICc <2 between the top models, biologi-
cal relevance was considered before selecting the final model.
Multicollinearity among covariates was assessed using variance
inflation factors (VIFs) or generalised VIFs (GVIFs) for models
with interaction terms, via the vif function (car version 3.1-2;
Fox et al. 2019). We checked for overdispersion using the dis-
persion_glmer function (blmeco version 1.4; Korner-Nievergelt
et al. 2015). Marginal and conditional R? values were calculated
via r.squaredGLMM (MuMIn version 1.48.4; Barton 2024).

3 | Results
3.1 | Germination Assays

3.1.1 | Microscope Assessment: Qualitative Results

Stereo microscope inspection revealed that dung seeds consis-
tently displayed distinct morphological differences from pod

seeds. They were swollen, lighter in colour (light brown vs. dark
black-brown) and had a softened seed coat with linear fissures
and an open pleurogram (Figure 2). In contrast, control seeds
were smaller, darker and retained a hard, well-sealed exterior.

3.1.2 | Experiment 1: Disentangling the Effects of Gut
Passage on Germination

Germination differed significantly among treatments
(Kaplan-Meier log-rank test: y*=38.5, df=3, p<0.0001).
Pairwise comparisons showed that Dung, HCI and GA treat-
ments each differed from the Control but not from one another
(Table S3).

Although germination among the treatment groups was not
statistically distinct, HCl and GA treatments showed early
germination flushes that plateaued like the Control, whereas
germination in the Dung group remained steady throughout,
resulting in the highest total germinations (+40%) and longest
duration (+13 days) relative to the Control (Figure 3).

Cox proportional-hazards models confirmed these trends: all
treatments had significantly higher germination risk than the
Control, with GA highest (Cox PH, HCIL: z=4.74, Dung: z=4.86,
GA:z=5.71, p<0.0001; Table S4, Figure S1).

3.1.3 | Experiment 2: Assessing Pod Exposure Effects
on Seed Germinability

Germination differed significantly among treatments (Kaplan-
Meier log-rank test: y*=169, df=3, p<0.0001). Pairwise
comparisons showed that both Dung treatments differed signifi-
cantly from both Control groups and from each other, while the
Control treatments did not differ (Table S5).

Graphical outputs show April Dung seeds had the highest
germinability, while July Dung seeds performed worst—even
relative to controls (Figure 4). Due to the short trial duration,
germination curves did not asymptote in all treatments.

Cox proportional-hazards models corroborated these findings:
April Dung seeds had a significantly higher hazard of germi-
nation (z=4.80, p<0.0001), and July Dung seeds had a signifi-
cantly lower hazard (z=-8.07, p<0.0001), relative to Control
1. Control 2 showed a slightly lower but non-significant hazard
than Control 1 (Table S6; Figure S2).

3.2 | Testing Early Seedling Growth and Resilience
3.2.1 | Summary Statistics

Dung was significantly moister than sand (Welch's t-test:
t=30.70, df=360.26, p<0.0001), with a mean difference of
0.0956 m3m~3 (Figure 5A). Sand was significantly warmer
(Welch's t-test: t=—-7.03, df=545.37, p<0.0001), averaging 2°C
higher than dung (Figure 5B).
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FIGURE2 | Stereo microscope images of Vachellia erioloba seeds from pods (A-C) and dung (D-F) at 1 mm, 200 um and 500 um. A-C: Seed coats
are well sealed and physically dormant (pl—pleurogram; c—centre). D-F: Centre of seeds exhibit distinct linear fissures and the pleurogram has

opened (If—linear fissure; o—opening).

3.2.2 | Experiment 3: Monitoring Early Seedling
Development

A notable negative correlation was found between soil moisture and
average maximum temperature (Pearson's: r=—0.71, p<0.0001).

The final model showed no overdispersion (dispersion param-
eter =0.486) and had acceptable explanatory power (R-squared
(trigamma): R? =0.453, R*.=0.886), though individual varia-
tion in growth patterns remained high.

Legacy effects from germination treatments were signifi-
cant for Control (Wald: z=2.57, p=0.01), HCl (Wald: z=3.36,
p<0.001) and GA (Wald: z=3.53, p<0.001). Although positive,
effects from Dung (Wald: z=1.68, p=0.09) were insignificant
(Figure 6, Table S7).

Seedling age positively affected growth (Wald: z=3.81, p <0.001).
Contrastingly, soil moisture (Wald: z=-4.78, p<0.00001) and
pot density (Wald: z=—2.25, p=0.02) negatively affected growth,
while temperature was marginally insignificant (Wald: z=-1.91,
p=0.0562). A positive interaction was detected between soil
moisture and pot density (Wald: z=2.95, p <0.01).

Mortality patterns varied across groups. From initial to final
sample counts: Control (n=31— 7), Dung (24 — 8), HC1 (19 —» 17)
and GA (18 — 12) over 5weeks.

3.2.3 | Experiment 4: Clipping, to Simulate Black
Rhino Herbivory

A moderate negative correlation was found between soil mois-
ture and average maximum temperature (Pearson's: r=—0.54,
p<0.0001).

The final model showed no overdispersion (dispersion param-
eter =0.253) and had acceptable explanatory power (R-squared
(trigamma): R? =0.423, R* =0.700), though individual varia-
tion in growth patterns remained high.

Dung had a strong positive effect on recovery (Wald: z=238.30,
p<0.000001); however, sand showed the strongest positive
effect (Wald: z=4.01, p<0.0001). Seedling age (days) signifi-
cantly influenced recovery (Wald: z=3.36, p<0.001), with
older individuals recovering best after clipping (Figure 7,
Table S8).
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FIGURE3 | Kaplan-Meier (A)and cumulative incidence (B) curves for Control, Dung, Hydrochloric Acid and Gibberellic Acid seeds over ~86 days.

Both temperature (Wald: z=0.24, p=0.81) and soil moisture
(Wald: z=1.35, p=0.175) had insignificant effects on recovery.
A negative interaction was detected between substrate and tem-
perature; however, this was found to be marginally insignificant
(Wald: z=-1.70, p=0.0882).

Substrate had no effect on mortality, since sample sizes re-
mained constant over 9weeks (sand: n=27; dung: n=16); apart
from one death in the sand group in the final week.

4 | Discussion

This study demonstrates a significant mutualistic relationship
between black rhinos and V. erioloba. The findings of the var-
ious experiments are not all consistent with the hypotheses ini-
tially proposed. The results suggest that this mutualism is not
driven primarily by enhanced seedling development and recovery

through legacy effects of gut passage (Hypothesis 3), nor poten-
tially beneficial effects of growth in dung middens (Hypothesis
4) but instead stems from gut passage effects on germination
(Hypothesis 1). In addition to increasing total germinations, gut
passage both accelerates earlier germination and extends the total
germination period, producing a seedling cohort with both older
individuals and greater age variation. Such a population structure
may enhance persistence beyond the germination bottleneck. This
finding aligns with studies on other megaherbivores, which have
demonstrated the role of elephants in facilitating seed germina-
tion (Bunney et al. 2017; Campos-Arceiz and Blake 2011).

4.1 | Black Rhino Increase Germination Rates
and Germination Duration

Upon microscopic inspection (Figure 2), dung seeds displayed
morphological changes indicative of seed coat weakening (see
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FIGURE4 | Kaplan-Meier (A) and cumulative incidence (B) curves for Controls and Dung seeds collected in April and July over 12days.

SI for detailed descriptions of pleurogram structure and pig-
mentation differences). This was tested in the first germination
trial, in which all treatment groups outperformed the Control
(Figure 3). The paralleled germination curves of the chemically
scarified groups (HCI and GA) and the Control suggest that
acid soaking primarily overcomes physiological dormancy, as
described by Kumar et al. (2024) and Baskin and Baskin (2004).
The initial flush of germinations and prolonged germination
period in the Dung group indicate that a distinct mechanism
alters the pattern of release. Rhino gut passage most likely de-
grades the seed coat (i.e., breaks physical dormancy) by means
of supplementary stressors like mechanical abrasion, enzymes
and heat (Clauss et al. 2005; Clauss and Hummel 2005). We ob-
served that Dung seedlings more easily emerged from the testa,
whereas many Control and acid scarified seedlings remained
constricted, leading to chlorosis and mortality due to limited
light access (pers. obs.). These findings highlight potential

limitations of using chemical scarification as a proxy for herbi-
vore digestion in germination studies.

The distinct germination pattern of the seedling cohort in the
Dung group may confer a bet-hedging advantage, particularly
in a pulse-driven, semi-arid environment like the southern
Kalahari (February et al. 2019): Increased total germinations
create a larger seedling cohort, early emergence increases the
number of seedlings that quickly reach an advanced develop-
mental stage, and the longer germination period increases the
diversity of individuals across plant stages. As a result, there
is a greater probability that more seedlings are better placed to
respond to disturbance events. For example, early emergence
may help seeds escape bruchid beetle predation, a known con-
straint on Vachellia recruitment (Coe and Coe 1987; Hoffman
etal. 1989; Lamprey et al. 1974; Miller 1995; Miller and Coe 1993;
Pellew and Southgate 1984). Early emergence is also critical in
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FIGURES5 | Boxplots of (A) soil moisture (m3m~3) and (B) soil temperature (°C) in Tswalu sand and black rhino dung.

savannas because dry seasons impose severe water stress and
aboveground biomass is frequently removed by herbivory and
fire (Scogings and Sankaran 2019).

4.2 | Megaherbivores Mitigate Seed Viability Loss
Under Environmental Stress

Although our conclusions are limited by the short duration of
the second germination trial, the poor performance of Dung
seeds collected months later, in July (Figure 4), suggests that
viable individuals, including some of the genetically fittest,
were lost over time due to environmental exposure of pods and
greater impacts of seed predators such as bruchid beetles. This
result lends support to the idea that herbivore-mediated disper-
sal may allow more seeds to escape such stressors because pods

are ingested and seeds are stimulated to germinate while being
transported away from the parent plant, as described by Coe and
Coe (1987), Lamprey et al. (1974) and Miller (1995).

4.3 | Gut Passage Has Limited Effects on Early
Seedling Development

The slight but non-significant positive effect of gut passage on
early seedling growth suggests limited legacy enhancement.
However, scaled to a natural setting like in Tswalu, even a minor
positive effect could improve the number of seedlings reaching
maturity. To the best of our knowledge, the investigation into
legacy effects of gut passage on early seedling development is
novel, and further study is thus required before definitive infer-
ences can be made.
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4.4 | Gut Passage Advances Seedling Age,
Enhancing Herbivory Resilience

Herbivory is a key driver of woody plant dynamics in African
savannas (Anderson et al. 2014). While some juveniles can
compensate for biomass loss, others suffer dieback under ad-
ditional stressors such as fire or drought (Tsumele et al. 2007).
Understanding these responses is essential for evaluating juve-
nile plant resilience (Tsumele et al. 2007).

The finding that seedlings were adapted to both substrates but
recovered slightly better in sand after simulating black rhino her-
bivory suggests that dung may not confer the expected benefits
for seedling development. This result aligns with Miller (1995),

who also reported a limited seedling response to faecal nutri-
ents. As nitrogen-fixing legumes (Vincent et al. 2024), Vachellia
are likely well adapted to Tswalu's aeolian sands. However, since
dung is typically deposited on sand and has moisture-retaining
properties, the sand beneath should remain wetter than exposed
sand. In reality, seedlings would grow in a mix of both sub-
strates—a condition that should be tested in future experiments.
Future studies should also account for secondary dispersers like
dung beetles, which may amplify or dilute dung effects on seed-
ling growth by creating fine-scale heterogeneity in nutrient mi-
crosites across the landscape (Veldhuis et al. 2018).

The key result was that older seedlings recovered most effec-
tively from clipping. This resilience advantage likely stemmed
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from gut passage effects on germinability (Experiment 1), which
increases the probability that more seedlings are better placed to
respond to such disturbance events, as discussed in section 4.1.
Thus, it is early maturation, not growth in dung, that promotes
resilience and survival beyond the recruitment bottleneck.

4.5 | Future Research

As with many gut-passed germination studies, relying on in-
tact seeds from faeces may introduce a positive bias in estimat-
ing germination benefits. Rogers et al. (2021) emphasise the
need to quantify seeds ingested, survivors and those viable.
Zoo-based feeding trials, like those by Clauss et al. (2005) and
Dierenfield (1993), can generate precise estimates. Extending
germination assays to include seeds collected across full sea-
sonal cycles and varied exposure durations would improve in-
sights regarding viability loss over time. Growth experiments
using a medium that isolates dung's moisture-retaining prop-
erties from its nutrient, acid and enzymatic components could
clarify its contribution to drought resilience. Notably, post-
experiment observations showed that seedlings grown in dung
survived 8 weeks without watering, while those in sand perished
(pers. obs.). Additionally, insights into seedling growth patterns
in varied soil types (within rhinos broader distribution) could be
valuable. To better quantify the facilitative role of black rhino,
future studies should examine dispersal potential under field
conditions, including browsing habits, seed consumption rates,
bolus distribution and seasonal dispersal patterns across years
of varying pod production. Long-term field monitoring is also
needed to determine whether initial germination gains translate
into recruitment, since repeated defoliation and other stress-
ors could hinder long-term survival, as described in Scogings
and Sankaran (2019). Applying these recommendations across
woody species could inform a comprehensive model of rhino-
plant interactions to guide management strategies that integrate
vegetative outcomes.

5 | Conclusions

This study provides the first experimental evidence of a mutu-
alistic interaction between black rhinoceroses and V. erioloba.
By assessing effects across multiple early ontogenetic stages, we
show that rhino gut passage shapes seedling cohort structure,
increasing germinations and the number of older, more resilient
individuals.

While our results establish a facilitative mechanism, the scale
and broader ecological consequences remain uncertain. In the
absence of elephants, black rhino are the largest browsing her-
bivores able to persist in fenced, arid reserves across southern
Africa. As such, their contributions to seed dispersal and re-
cruitment may meaningfully influence vegetation structure and
community composition. Further research is needed to evalu-
ate the ecological significance of this interaction under natural
conditions.

This work addresses a longstanding bias toward African sa-
vanna elephants in megaherbivore research (Bunney et al. 2017;

Hyvarinen et al. 2021). By identifying a new plant-herbivore
mutualism, it also contributes to a more nuanced understanding
of megaherbivores as both disturbance agents and plant facilita-
tors in arid ecosystems.
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