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ABSTRACT. Positive indirect effects of consumers on their resources can stabilize food webs
by preventing.everexploitation, but the coupling of trophic and non-trophic interactions remains
poorly integrated into our understanding of community dynamics. Elephants engineer African
savanna‘ecosystems by toppling trees and breaking branches, and although their negative effects
on trees aré' well'"documented, their effects on small-statured plants remain poorly understood.
Using data on 117 understory plant taxa collected over seven years within 36 one-hectare
experimental plots in a semi-arid Kenyan savanna, we measured the strength and direction of
elephant impacts on understory vegetation. We found that elephants had neutral effects on most
(83-89%) species, with a similar frequency of positive and negative responses among the
remainder. Overall, understory biomass was 5-14% greater in the presence of elephants across a
range of rainfall levels. Whereas direct consumption presumably accounts for the negative
effects, positivereffects are likely indirect. We hypothesized that elephants create associational
refuges for understory plants by damaging tree canopies in ways that physically inhibit feeding
by other large herbivores. Indeed, understory biomass and species richness beneath elephant-
damaged trees were 55% and 21% greater, respectively, than under undamaged trees.
Experimentally simulated elephant damage increased understory biomass by 37% and species
richness by 49% after one year. Conversely, experimentally removing elephant damaged
branches deeréased understory biomass by 39% and richness by 30% relative to sham-
manipulateditrees. Camera-trap surveys revealed that elephant damage reduced the frequency of
herbivory by 71%, whereas we detected no effect of damage on temperature, light, or soil
moisture. We conclude that elephants locally facilitate understory plants by creating refuges
from herbiyory, which countervails the direct negative effects of consumption and enhances
larger-scale biomass and diversity by promoting the persistence of rare and palatable species.
Our results offér a counterpoint to concerns about the deleterious impacts of elephant
“overpopulation” that should be considered in debates over wildlife management in African
protected areas: understory species comprise the bulk of savanna plant biodiversity, and their
responses to elephants are buffered by the interplay of opposing consumptive and non-

consumptive interactions.
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INTRODUCTION. Elephants (Loxodonta africana) exert powerful influences on the structure
and function of African savanna ecosystems due to their ability to uproot and consume entire
plants and topple or otherwise alter the physical structure of trees (Laws 1970, Dublin et al.
1990, Asner.&Levick 2012; Figure 1A). In particular, the negative effects of elephant browsing
on tree survivorship and cover, and their interactions with fire and climate, have received
intensive study(€.g., Buss 1961, Laws 1970, Holdo 2007). These effects have led to concern
about the effects'of elephants on plant diversity and the conservation of native plant species and
have fueled debates over whether and how to control elephant population density (Fayrer-
Hosken et al. 2000, Pimm and van Aarde 2001, Guldemond and van Aarde 2008). Between 1967
and 1994, for example, more than 16,000 elephants were culled in the Kruger National Park,
South Africa, due to “concern about the effects that these animals were having on vegetation”
and other wildlife (Owen-Smith et al. 2006).

Elephants do not have uniformly negative ecological impacts, however, and have been
shown to benefit other animal species. Damage to tree canopies, in particular, increases local and
landscape-sealeshabitat heterogeneity, and elephants can enhance the availability of food and
shelter for"ee-occurring species by acting as disturbance agents (“habitat facilitation” sensu
Menge 19957 see also Sousa 1984). For example, the breaking of tree trunks and toppling of
adult trees (Figure 1B,C) benefits smaller mammalian herbivores by increasing access to high-
canopy browse (Midgley et al. 2005, Kohi et al. 2011, Valeix et al. 2011) and by maintaining
open habitat'With high grass productivity and reduced predation risk (Laws 1970, Dublin et al.
1990). Similarly; bark peeling and branch splitting can increase microhabitat heterogeneity and
create refuges for small vertebrates and insects (Pringle 2008, Nasseri et al. 2011, Pringle et al.
2015). For these reasons, elephants are among the most important ecosystem engineers in
savannas (Laws.1970, Jones et al. 1994), though other megaherbivores such as rhino (Waldram
et al. 2009, Cromsigt & te Beest 2014) and hippo (Moore 2006) affect habitat structure and
resource availability in analogous ways.

Perhaps,surprisingly given the attention to their effects on trees and fauna, elephant
interactions with understory plants—which can account for >70% of plant diversity in semi-arid
savannas (Seibert and Scogings 2015)—remain poorly understood (Augustine 2003, Veldman et
al. 2013, Pringle et al. 2014). Moreover, although elephants are often cited as a threat to the
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conservation of endemic plants and the maintenance of pastoral lands (Glover 1963, Johnson et
al. 1999, Landman et al. 2014), many such reports only consider the direct (i.e., consumptive)
effects of elephant herbivory. When feeding, however, elephants both consume plant material
(hereafter “browsing”) and modify the physical structure of vegetation (hereafter “elephant
damage”; Figute 1). Elephants may thus have neutral or even positive net effects on understory
plants if the\indirect effects of habitat modification (over)compensate for the direct effects of
consumption(Veldhuis 2016).

Oné'likely mechanism by which elephant damage may facilitate understory plants is the
creation of associational refuges against other mammalian herbivores (Kéfi et al. 2012). We
follow Milchunas and Noy-Meir (2002) in using the term “associational refuge” to describe
facilitative plant-plant interactions in which focal individuals experience reduced herbivory
damage by growing in close proximity to neighbors that physically impede herbivore access. As
ecosystem engineers capable of modifying canopy architecture, elephants may modulate the
strength or prevalence of associational refuges, thereby locally enhancing understory biomass
and diversity(Figure 1; see also Callaway et al. 2005). If sufficiently frequent and strong, these
local interactions may scale up: associational refuges are critical for the persistence of palatable
species invarious ecosystems and have been shown to increase plant-community robustness
(sensu Levinand Lubchenco 2008) to drought and overgrazing (Hay 1986, Milchunas and Noy-
Meir 2002, Rebollo et al. 2002, Soliveres et al. 2015). Given the high large-herbivore biomass in
many African savannas, the creation of associational refuges composed of damaged branches—
many of whi¢h"are defended by thorns and spines that further impede herbivore access—may
reduce the risksof local extinction from overgrazing and help to maintain diverse communities by
enhancing habitat heterogeneity (Horn 1975, Connell 1978). Furthermore, non-trophic
facilitation.via the creation of such associational refuges may stabilize the effect of elephants on
understory food. plants by reducing the likelihood of runaway consumption (Veldhuis 2016).
Conversely,.elephant damage may adversely affect understory plant communities by, for
example, deer€asing light or water availability (Belsky 1994, Caylor et al. 2005), thereby
amplifying the.negative direct effects of consumption. Evaluating these alternatives requires
focused investigation of how elephants affect understory plant communities via both direct and
indirect mechanistic pathways (Jonsson et al. 2010, van Coller et al. 2013).

We used a network of one-hectare herbivore-exclosure and control plots to evaluate the
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net effects of elephants on understory communities in a region where elephant densities (and the
prevalence of elephant damage) have increased in recent decades. We further used manipulative
field experiments and surveys at smaller scales to ascertain the extent to which elephants
indirectly shape understory plant communities by damaging tree canopies. Specifically, we
hypothesized.that understory plant biomass and diversity would be greater beneath canopies of
elephant-damaged trees (Figure 1C) due to physical inhibition of foraging by large mammalian
herbivores,andthat the removal of elephant-damaged branches would reverse this effect by

restoring aéee€ssto foraging ungulates.

METHODS. Study site. The Mpala Research Centre and Conservancy (MRC), in Laikipia,
Kenya encompasses 20,000 hectares of savanna with a mean annual rainfall of ~600mm. Most of
MRC is underlain by infertile red alfisols that support a tree community dominated by three
Acacia species (4. brevispica, A. etbaica, and A. mellifera), along with a discontinuous
understory of grasses and forbs (Augustine 2003). More than 20 species of large mammalian
herbivores (>5kg, hereafter “LMH”) occur at MRC (Goheen et al. 2013). Elephant densities
have increasedvin Laikipia over the past 25 years, reaching up to 2 individuals km™ (Augustine

and McNaughton 2004, Litoroh et al. 2010).

Understory responses to elephant exclusion. To quantify the net effects of elephants on the
abundance of understory plant species, we assessed the response of 117 species of grasses, forbs,
and subshrubsto,the presence of elephants using seven years (2008-2014) of data on understory
compositionfrom the UHURU large-herbivore exclosure experiment (Pringle 2012, Goheen et
al. 2013, Kartzinel et al. 2014). UHURU comprises 36 size-selective one-hectare LMH-
exclosure and control plots in three locations along a 22-km transect from north to south within
MRC (Goheen.et al. 2013). At each location, there are three replicate blocks of four treatments:
full exclosure (=all ungulate herbivores), mesoherbivore exclosure (—species >10 kg),
megaherbiveré exclosure (—giraffes and elephants) and unfenced controls.

We used data from 13 biannual surveys of plant biomass and community composition to
assess impacts of elephant browsing and rainfall on understory plant assemblages with
hierarchical Bayesian joint species distribution models (JSDM; see Clark et al. 2014, Pollock et

al. 2014). In the first JSDM, we compared plant responses between megaherbivore exclosures
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(n=9) and unfenced plots (n=9); although this analysis potentially reflects impacts of both
elephants and giraffes, the former should dominate the effect because giraffes rarely forage
(<10% of feeding time) on understory plants (du Toit and Olff 2014, O’Connor et al. 2015). In a
second, complementary JSDM analysis, we included data from all plots (n=36 total) and used
elephant-dung.counts rather than exclosure treatment as a proxy for relative elephant abundance,
which accounts.more finely for both natural and experimentally induced variation in elephant
activity levels'among UHURU treatments, blocks, and years. Dung counts are a reliable index of
relative elephant'abundance, and are typically no less accurate or precise than direct counts
(Barnes 2001).

For bothe J SDMs, understory plant composition was monitored using a ten-pin frame
placed at 49¢venly spaced, permanently marked points within a central 60m x 60m grid in each
1-ha plot. Understory biomass at MRC is highly correlated (+*>0.87) with measurements of
cover based on pin hits (Augustine 2003), and we use the latter as a non-destructive proxy for the
former. Rainfall was monitored continuously using a network of tipping-bucket gauges, and
dung surveysthayve been conducted quarterly since 2008, with observers identifying, counting,
and crushing all’LMH dung piles within three parallel 60m x 5m belt transects within the plant-
sampling grid (Goheen et al. 2013, Kartzinel et al. 2014). Elephant dung density was averaged
across the.dung surveys immediately before and after each biannual vegetation survey.

The JSDMs were constructed as follows. Using a Markov chain Monte Carlo (Gibbs
sampling) approach, we first fit a plot-specific rate of occurrence (i.e., number of pin hits/frame)
for each plant'species in each survey, using a Poisson likelihood. Then, treating the log-
transformed'spe€ies-occurrence rates as a multivariate normal response variable (to account for
covariance among species in our subsequent estimates of total plant cover; see Clark et al. 2014),
we regressed understory species occurrence in each plot*survey combination against (a) total
rainfall duting the previous six months, (b) herbivore-exclusion treatment (a categorical
variable), and.(c) the interaction of these variables. We then performed the same analysis using
elephant dung'frequency (a continuous variable) in lieu of experimental exclosure treatment.
Regression parameters were given non-informative priors to allow data to inform parameter
estimates (Clark et al. 2014). Regressions for both JSDMs included random effects of the three
UHURU sites (north, central, south), block (nested within site), and year to account for potential

spatial and temporal autocorrelation. Regressions between elephant presence (exclosure
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treatment) or abundance (dung density) and the log-transformed occurrence rate for each plant
species at average rainfall were fit in R (v. 3.2.1, R Core Development Team 2015) using a
Gibbs sampler run for 30,000 iterations. The median value of the resulting distribution of the
slope parameters was used as our measure of each plant species’ response to elephants. Credible
intervals around each estimate (95%) were calculated directly from the modeled posterior
distributionifor each plant species. In keeping with the conventions of Bayesian inference, we did
not subjectindividual species’ responses to null-hypothesis significance testing; instead, each
species was considered to have responded “positively” or “negatively” to elephants if its 95% CI
was entirely aboye or below zero, respectively, or “neutrally” if the 95% CI overlapped zero. We
also note that the joint Bayesian approach reduces the risk of false positives (Type I error)
usually assoetated with multiple comparisons by utilizing information from the entire pool of
species to shift individual estimates with high uncertainty towards the overall mean response (see
Gelman et al. 2012 for a more extended technical description). Using the JSDMs, we estimated
the mean predicted total plant cover (our proxy for biomass, as noted above) across (a) herbivore
exclosure treatments and (b) the range of observed elephant dung densities at each of three levels
of rainfall (the' 25", median, and 75" percentiles of recorded rainfall across all plots and years).

Additional+details about the JSDM models are provided in Appendix S1.

Understory responses to elephant damaged trees. Despite the expected negative effects of
elephants on plants via direct consumption, our JSDM analyses suggested (see Results) that the
majority ofwmiderstory species in UHURU responded neutrally or positively to elephants, and
that elephants:tended to increase understory biomass across rainfall levels. In light of these
results, along with (a) the high frequency of elephant-damaged trees at our study site and in
protected areas throughout Africa and (b) recent work demonstrating the ecological importance
of such ecosystem engineering (Pringle 2008, Nasseri et al. 2011, Pringle et al. 2015) we
conducted a.series of surveys and experiments between July 2013 and August 2014 to evaluate
the effects of'elephant damage on understory biomass and species richness (Figure S1).
Experimental design and statistical analysis. All experiments described below were
conducted in and around the southern and central UHURU plots; locations of surveys are
provided in the Methods and Figure S1. Experimental replicates and treatments were evenly

distributed between south and central MRC, and across the three UHURU blocks within each
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site. For all experiments, we used linear mixed-effect models to compare changes in understory
biomass and species richness over one year, with damage-addition or -removal treatment (and
UHURU treatment for damage-addition experiment; see below) as fixed effects and site (south
vs. central) as a random effect (JMP v. 11.1.1). All surveys included two levels of the primary
fixed effect (damaged and undamaged trees) and were analyzed with matched-pairs #-tests when
data were cellected from the damaged and undamaged portions of the same tree canopy, or with
two-sample#tests when samples were collected from separate damaged and undamaged trees
(see Figure'ST)"Error terms for all reported means are + 1 SEM, with the exception of the results
of the previously described joint species model, which are + 95% CI.

Forall experiments and surveys, understory biomass was measured using three 10-pin
frames per replicate (except beneath detached branches, where two 10-pin frames were used) and
the number of pin hits per frame was averaged for each replicate prior to analysis. Understory
species richness was quantified by visual survey within the damaged and undamaged portions of
canopies and beneath detached branches, which were size-matched between damage-addition
and -removalyand control replicates for all experiments. Seedlings of overstory species were
excluded fromunderstory species-richness surveys. For all experiments, data were collected
prior to manipulation and again after one year, with changes in biomass and species richness
between_time points compared as described above.

Observational surveys of elephant damaged trees. To quantify the frequency of elephant
damage on tree canopies, and hence its potential to indirectly affect understory community
compositionyWweysurveyed all trees >2m height within ten 200m x 10m transects. For the
purposes of this'study, trees were classified as “damaged” if they met two criteria: (i) at least one
branch >2¢m diameter was damaged by elephants (which is readily distinguishable from other
types of damage: Augustine and McNaughton 2004), and (ii) an area >1m?” beneath the canopy
was overlain by damaged branches. All other trees were classified as “undamaged”. We also
recorded the species, number, and area of branches that had been fully detached from trees by
elephants (cfaFigure 1B).

We quantified the proportion of individual trees of each species damaged by elephants
and the mean area of understory habitat beneath damaged trees and detached branches. The most
abundant tree species in these transects, 4. etbaica, was selected as a focal species for additional

surveys and experiments. We quantified understory plant biomass and species richness directly
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beneath the damaged and undamaged portions of 18 damaged trees (thereby controlling for
spatial heterogeneity) and compared estimates using matched-pairs #-tests. The undamaged area
of each canopy was consistently larger than the damaged area (undamaged: 10 m?, damaged: 5
m?). This difference in area should not influence the biomass estimate but might affect the
species-richness estimate; we therefore also compared species richness scaled by area
(species/mz), although this comparison should be interpreted cautiously because species richness
does not'scale'linearly with area.

Damage=addition and -removal experiments. To test the hypothesized causal relationship
between elephant damage and understory plant biomass and species richness, we conducted three
manipulatiye experiments. First, we simulated the common scenario in which elephants
completely detach branches from trees and drag them some distance away from the canopy; this
also allowed us to test the effect of elephant damage on understory plants in open habitat, away
from the influence of trees on factors such as light, soil nutrients, and water availability (Figure
1B). Using a handsaw, we removed live 4. ethaica branches and moved them 10m from the
nearest treeseanopy (#=20 branches). Paired control areas without detached branches were
established Smmorth of each detached branch. Four experimental replicates were displaced
during the'experiment and were excluded from analyses along with their corresponding control
areas. Dueto'the smaller size of detached branches relative to tree canopies, we used
measurements from just two pin frames to assess biomass in this experiment.

We then simulated elephant damage beneath tree canopies within both unfenced UHURU
control plots®*:LMH”, n=6 plots) and total-exclosure plots that excluded all large mammalian
herbivores (“=IsMH,” n=6 plots) to test the prediction that simulated elephant damage would
increase biomass and species richness to a greater extent in the presence of large herbivores than
in their absence. Within each plot, we randomly selected and assigned four undamaged A.
etbaica to damage-addition or procedural-control treatments (total n=12 trees per treatment;
Figure S1), For.each damage-addition tree, a single large branch was cut at the trunk and lowered
to the groundsbeneath the canopy to simulate elephant damage. For each procedural-control tree,
a single branch,was partially sawed (~25% of branch diameter) and left attached to the tree.
Understory biomass and species richness were quantified immediately beneath the treated areas
at the onset of the experiment and again after one year. We compared the independent and

interactive effects of damage-addition and exclosure treatments on changes in understory species
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richness and biomass using a mixed-effects model, as described above.

Finally, we experimentally removed elephant-damaged branches beneath damaged tree
canopies to test whether understory biomass and species richness would decrease in the absence
of associational refuges. We identified 36 damaged 4. etbaica near but outside the UHURU plots
and randomlysassigned each to damage-removal or procedural-control treatments (Figure S1).
Branches in.damage-removal replicates were detached with a handsaw and discarded >25m from
the nearést'experimental tree. For procedural-control replicates, damaged branches were cut from
the tree and 1mmediately returned to their initial position. Biomass and species richness were
quantified directly beneath the manipulated areas.

Mechanisms of facilitation. Changes in understory plant communities associated with
elephant-damaged trees might arise from any of several non-exclusive mechanisms, including
herbivory, light, temperature, and soil moisture. We therefore quantified the effect of canopy
damage on each of these attributes to determine which one(s) best explained the observed
variation insunderstory plant biomass and species richness.

To assess herbivory, we quantified grazing scars on two of the most common grass
species in eachiocation (Cynodon plechtostachyus and Aristida kenyensis in south and central
MRC, respectively) beneath 24 damaged and undamaged 4. ethaica (n=8 grass stems/tree and 12
trees/type/sit€) and compared the proportion of blades damaged for each grass species
(separately) across damaged and undamaged trees. We also used camera traps (Bushnell
TrophyCam, model #119435(c), Bushnell Corporation) to quantify the incidence of ungulate
herbivory beneath 5 pairs of damaged and undamaged 4. etbaica trees (3 pairs in south, 2 in
central). Cameras were mounted 15m from each focal tree and recorded 3-photo bursts when
triggered by an infrared motion sensor. Each camera trap was deployed for ~430 hours, yielding
>4700 total photos. We compared the number of LMH feeding beneath damaged and undamaged
trees over the duration of the trial.

To assess light transmission to the understory, we measured photosynthetically active
radiation (PAR) beneath the canopies of damaged and undamaged A. etbaica in south MRC (n=8
trees/type) with.a portable light meter (LightScout Quantum Meter, model #3415F, Spectrum
Technologies, Inc.). We recorded four measurements of PAR immediately below each tree
canopy to estimate mean light availability and compared the PAR levels in the understory

beneath damaged and undamaged tree canopies.
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We further quantified ground and air temperatures using iButton thermochrons (model
DS1923, iButtonLink Technologies) encased in thermally inert housings (following Compagnoni
and Adler 2014). We placed two thermochrons beneath five pairs of damaged and undamaged A.
etbaica in south MRC, one at ground level and one suspended 50cm above ground level.
Temperaturesswere recorded hourly for 10 days and the mean daily maximum and minimum air
and ground temperatures were calculated for each tree.

Finally;Wwe attempted to directly quantify soil moisture using both probe sensors and pre-
and post-dryifig Sample weights, but the compacted soils typical of our study site did not allow
probe penetration and soil moisture was sufficiently low that all soil samples collected in the
field gainedsweight when dried in a solar oven. Thus, we assessed the effect of elephant damage
on soil hydrelogic conditions by measuring the relative water content (RWC) of a common
understory subshrub (Barleria eranthemoides) beneath 12 pairs of damaged and undamaged A.
etbaica canopies in central MRC (1 leaf/shrub). The RWC is a proxy for water stress in plants
and was calculated as the realized water content of a leaf relative to the fully hydrated potential
of the samerleaf; following Munns (2014). All measurements were taken within one hour on the

same day to‘control for temporal variability.

RESULTS+Understory responses to elephant exclusion and relative abundance.
The JSDM analysis based on categorical treatment effects indicated that six of 117 species
responded positively to the presence of elephants, five of which were graminoids (four Poaceae
and one Cyperaeeac), along with one Asteraceae (Figure 2A, Table S1). Seven other species
responded negatively to elephants, of which only two were grasses (plus one each from the
families Amaranthaceae, Caryophyllaceae, Commelinaceae, Lamiaceae, and Solanaceae). The
individual abundances of the remaining 104 species (89%) responded neutrally. Ten species
responded positively to rainfall (Figure S2A, Table S3), of which six were graminoids. No
species responded negatively to rainfall. Across rainfall levels, understory plant cover was 8.3—
9.4% greatewin the presence of elephants than in their absence (Figure S3A).

Similarly, using elephant dung as a proxy for elephant activity in lieu of exclosure
treatments, we found that 10 of 117 understory species responded positively to elephants; of
these, eight were graminoids (seven Poaceae, one Cyperaceae), along with one species each from

the families Acanthaceae and Asteraceae (Figure 2B, Table S2). Ten other species responded
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negatively to elephants, of which only two were grasses (plus one each from Acanthaceae,
Amaranthaceae, Asparagaceae, Euphorbiaceae, Lamiaceae, and Solanaceae, and two from
Malvaceae). The abundance of the remaining 97 species (83%) responded neutrally. Fourteen
species responded positively to rainfall, of which ten were graminoids, while four species
responded negatively to rainfall (Figure S2B, Table S4), of which just one was a grass. Finally,
total understory.cover increased by 5.4-14.0% as a function of elephant-dung density across

rainfall levels(Figure S3B).

Understory responses to elephant ecosystem engineering of canopy architecture.
Surveys of naturally elephant-damaged trees. Elephant damage was common, affecting 84.8 +
4.7% of A. brevispica, 83.1 + 3.2% of A. mellifera, and 61.6 + 3.2% of A. etbaica (Figure S4).
Acacia etbaica comprised 48.1% of all trees surveyed. Of 4. etbaica classified as damaged, an
average of 33.8 & 2.6% of the understory habitat beneath the canopy was directly overlain by
damaged branches (Figure 1C). Approximately 6% of all elephant damage encountered (i.e., 10
branches pertha) was in the form of branches fully detached from trees. Taken together, partially
and fully detached damaged branches covered 2,340 + 280m? of the two hectares surveyed.
Understorysplant biomass was 55% greater (¢17=7.43, P<0.0001) beneath elephant-damaged
canopies. thaf beneath undamaged canopies (Figure 3A). Likewise, total species richness was
21% greater (¢17=2.34, P=0.025) under damaged than undamaged canopies, despite the latter
covering approximately twice the area (Fig. 3B; #17=5.09, P<0.0001); thus, this result
conservativelyeharacterizes the positive effect of elephant damage on species richness. Per-area
species richness'was 155% greater beneath damaged canopies (Fig. 3C; ¢,7=5.04, P <0.0001).
Damage-addition and -removal experiments. Experimental addition of detached branches
outside tree canopies increased understory biomass by 37.3 = 19.1% (F'; 20=13.17, P=0.001) and
species richness by 71.0 £ 30.1% (£ 29=8.53, P=0.007). Similarly, simulated elephant damage
beneath canopies increased understory biomass ('} 43-4.66, P=0.03) and species richness
(F14379.23,2=0.004). There was no main effect of UHURU exclosure treatment on biomass
change (F'143=0.03, P=0.87; Figure 4A), whereas species richness increased to a greater extent
within -LMH exclosures than in unfenced control plots, irrespective of damage-addition
treatment (£} 43=9.08, P=0.004; Figure 4B). However, there was no significant interaction

between damage-addition and exclosure treatments on understory biomass or species richness
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(F143=1.84, P=0.18, and F'; 43-0.002, P=0.97, respectively).

Conversely, removing naturally occurring elephant-damaged branches significantly
reduced understory biomass (£ 33=28.98, P<0.0001; Figure 4C) and species richness
(F133=12.32, P=0.001; Figure 4D) relative to sham-manipulated control treatments.

Mechanism of facilitation. Elephant damage reduced the incidence of grazing scars on
both grass species by 44-68% (C. plechtostachyus: t»0=13.99, P<0.0001; 4. kenyensis:
t215=3.16,"P=07005) and reduced the number of herbivores feeding on understory plants by
>T70% (t5.24=3"04; P=0.03; Figure 5). Available PAR (¢13,=1.30, P=0.21), mean maximum and
minimum $oil and air temperature (all 7<0.54, P>0.34) and relative water content (¢220=1.45,

P=0.16) didnetdiffer significantly between damaged and undamaged tree canopies (Figure S5).

DISCUSSION. Our results indicate that elephants have surprisingly mild net effects on
understory vegetation. Using two complementary approaches that characterized elephant
presence/absence and relative abundance in our JSDM models, we found that roughly as many
species responded positively as negatively to elephants, with the vast majority responding
neutrally. Theseftrends were largely consistent across the two models: both approaches indicated
that elephants positively affected 5-9% of all species (among which graminoids were
disproportionately represented), negatively affected 6-9% (predominantly Cs forbs and
subshrubs) and had neutral effects on the remaining 83-89% (Figure 2). Elephants had mild
positive effects on total understory plant cover (5.4-8.7%) at median rainfall, suggesting that
responses of positively affected understory species outweighed those of negatively affected
species (FiguresS3). Importantly, the largely neutral net effect of elephants on understory
vegetation(is not because elephants feed predominantly on overstory plants; although we are
currently unable (due to unresolved taxonomic disparities) to match all of the plant taxa in the
UHURU surveys.to those detected in elephant diets via DNA metabarcoding of feces (Kartzinel
et al. 2015),. we know that at least 33 of the 46 plant taxa (71.7%) detected in elephant diets at
MRC are understory species (20 of them graminoids), and that understory plants account for
>65% of speeies detected on average in individual elephant diets. Qualitative comparison of
these published dietary data with our tree-scale experimental results indicates that many of the
understory taxa most commonly consumed by elephants were among those that benefited most

from elephant browsing and canopy damage.
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Comprehensively elucidating the suite of positive and negative pathways that collectively
define elephants’ net effects on any given plant species (e.g., Goheen et al. 2010, Pringle et al.
2014) is beyond the scope of our community-level study. However, we found clear evidence for
strong and widespread effects of a local-scale facilitative mechanism that has been largely
overlooked insthe literature: namely that elephants increase understory richness and biomass by
damaging tree canopies. Simulated elephant damage beneath and outside tree canopies increased
both metfiéS'OVET one year, paralleling patterns beneath naturally damaged trees (Figures 3,4),
while removal'6f'damaged branches significantly reduced understory biomass and species
richness relative to sham-manipulated control areas over the same time period.

We suggest that the observed local facilitation of understory communities following
elephant damage 1s explained in large part by the creation (and enhancement) of associational
refuges that inhibit ungulate foraging. Herbivore utilization and grazing damage were
significantly reduced beneath damaged trees, whereas we did not detect significant differences in
temperature, light transmission, or water stress beneath damaged and undamaged canopies. In
this regardgourfindings are in agreement with another recent study from our site (Louthan et al.
2014), which found that understory plants growing among neighbors benefit less from the
amelioration,of abiotic stress than from reduced apparency to large mammalian herbivores.
Although severe damage to trees could conceivably benefit nearby understory plants by reducing
competition for water or nutrients, our damage-addition treatment simulated moderate-to-severe
elephant damage, and yet all manipulated trees survived for the duration of the study, suggesting
that competitiveieffects were not severely diminished. Moreover, reduced competition for
resources cannot explain the positive effects of adding isolated branches away from tree canopies
or the negative effects of removing naturally damaged branches (Figure 4C,D).

In our view, the unexpected finding that simulated damage enhanced understory species
richness within full herbivore exclosures (Figure 4B) is most likely explained by the effects of
small herbivores/such as hares (Lepus spp.) and rodents that are not excluded by the exclosure
fences (Goheen et al. 2013), but whose foraging is nonetheless inhibited by damaged branches.
However, it'is also possible that subtle abiotic effects of our manipulations on local light and
moisture conditions contributed to these effects, even though we failed to detect such effects in
our surveys; more fully investigating the indirect biotic and abiotic effects of elephant damage on

understory plants is a promising avenue for future research.
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Collectively, our results suggest that indirect positive effects of associational refuges at
the scale of individual trees may largely offset the negative direct effects of consumption at the
landscape scale, and therefore moderate the net impact of elephants on understory communities.
Furthermore, while elephant browsing has long been known to benefit grazing wildlife and cattle
by maintaining.telatively open habitat (Laws 1970, Dublin et al. 1990), our results indicate that
they may also alter understory species composition in ways that further benefit grazers (cf.
Young et ali2005): by reducing the abundance of invasive and heavily defended forbs and
promoting hative'grasses, elephants may increase forage quality and availability for grazing
wildlife and livestock. Graminoids were disproportionately represented among species that
responded positively to elephants, comprising 80-83% of positively responding species despite
accounting for less than a third of understory species pool in the UHURU plots. Conversely,
forbs and subshrubs were most common among negatively responding species, and several of the
most strongly responding taxa (e.g. Solanum campylacanthum and Sansevieria spp.) are
opportunistic “encroachers” that are considered a major threat to rangeland health and
sustainabilityi(Foxcroft et al. 2007, Pringle et al. 2014). The historical view of elephants as
destructive to vegetation and a threat to plant biodiversity is based largely on assessment of
canopy treesspecies (Laws 1970), but our results indicate that their net effects on understory plant
assemblages'may be largely neutral overall, and patchily positive at local scales.

Positive plant-plant interactions, like the associational refuges we document here, are
common actoss ecosystems and can help maintain robust vegetation communities by modifying
biotic and/or"abietic conditions (Hay 1986, Milchunas and Noy-Meir 2002). For example, intact
Acacia canopies provide a variety of potential benefits to understory plants by ameliorating the
harsh abiotic conditions found in open savanna habitat, including increasing soil nutrients,
reducing water stress, and increasing regrowth capacity (Belsky 1994, Caylor et al. 2005). Taken
together, these benefits to understory plants often, but not always, outweigh the cost of growing
in close proximity to overstory competitors. In this sense, our results suggest that elephant
damage maysoften enhance pre-existing facilitative relationships between overstory trees and
understory plants by inhibiting large herbivores; however, we also show that elephants can create
associational refuges de novo by depositing broken branches some distance from trees. This
facilitative relationship is likely unidirectional, particularly in savannas with frequent fires: the

accumulation of dense understory biomass will strengthen competitive effects on trees (Riginos
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2009) and may also create hot-spots of fire intensity due to higher fuel loads, with the potential
to increase tree mortality (Scholes and Archer 1997, Thaxton and Platt 2006). Future work
should investigate the longer-term temporal dynamics of these associational refuges, particularly
in fire-prone landscapes.

Our study contributes to a growing body of evidence that elephants, as ecosystem
engineers, locally and indirectly benefit various species through the creation of associational
refuges againstnatural enemies (e.g., Pringle 2008, Nasseri et al. 2011, Pringle et al. 2015);
however, theré'fémain few data about the extent to which such refuges influence larger-scale
ecosystem properties. Our results suggest that such multi-scale dynamics may occur in savanna
systems oceupied by megaherbivores, and that the neutral-to-positive effects of elephants on
understory plants at the hectare scale can be explained, in part, by the countervailing effects of
consumption across the landscape and ecosystem engineering at the scale of individual trees.
Similarly, it is likely that such refuges also enhance population persistence and stability, and
hence community diversity, by acting as sources in a metapopulation context (e.g., Milchunas
and Noy-Meir2002, Rebollo et al. 2002). Future work should explicitly address this possibility,

and how it depends on the density, distribution and efficacy of associational refuges.
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FIGURE LEGENDS.

Figure It Elephant damage and its consequences. (A) An adult elephant damages a Balanites
glabra at MpalaResearch Centre, Kenya. (B) An Acacia mellifera branch fully detached by
elephants lies in open habitat. (C) Damaged branches that have remained attached to the tree
canopy follewing elephant browsing.

Figure 2. Joint species distribution model results for elephant effects on 117 understory plant
species. The effect of elephants was modeled in two ways: as presence-abence using herbivore
exclosure treatment (A) and relative abundance using dung counts (B). Data are means + 95%
CI, denotedwwith * when CI does not overlap zero. Darkened circles are graminoids (families
Poaceae and"Cyperaceae). Species numbers correspond to those in Tables S1 and S2, which
contain detaileddists of all plant taxa assessed.

Figure 3. Results of biomass and species richness surveys beneath Acacia etbaica canopies.
Elephant damaged branches (white bars) enhance understory plant biomass (A) and species
richness (B, unscaled; C, scaled by area) relative to undamaged portions of the same tree canopy
(black bars).

Figure 4. Results of damage-addition (top) and -removal (bottom) experiments beneath Acacia
etbaica canopies. Changes in understory biomass (A) and species richness (B) were measured
over one year after tree canopies in the full exclosure (-LMH) and control (+LMH) UHURU
plots were experumentally damaged to simulate destructive elephant browsing. Similarly,
changes in biomass (C) and species richness (D) were monitored following the removal of
naturally damaged branches from tree canopies outside the UHURU plots.

Figure 5. Effects of elephant damage on ungulate grazing intensity. (A) The proportion of stems
of two common. grass species grazed by ungulates beneath damaged and undamaged Acacia
etbaica canopies in south (C. plectostachyus) and central (4. kenyensis) MRC. (B) The number
of ungulates photographed with camera traps feeding beneath damaged and undamaged tree

canopies in south MRC.
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