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Termites and large herbivores influence seed removal rates
in an African savanna

ERIK FRANCIS ACANAKWO,1 DOUGLAS SHEIL, AND STEIN R. MOE

Faculty of Environmental Sciences and Natural Resource Management, Norwegian University of Life Sciences,
P.O. Box 5003, 1432�As, Norway

Abstract. Seed removal can influence plant community dynamics, composition, and result-
ing vegetation characteristics. In the African savanna, termites and large herbivores influence
vegetation in various ways, likely including indirect effects on seed predators and secondary
dispersers. However, the intensity and variation of seed removal rates in African savannas has
seldom been studied. We experimentally investigated whether termites and large herbivores
were important factors in the mechanisms contributing to observed patterns in tree species
composition on and off mounds, in Lake Mburo National Park, Uganda. Within fenced (ex-
cluding large herbivores) and unfenced termite mound and adjacent savanna plots, we placed
seeds of nine native tree species within small open “cages,” accessed by all animals, roofed
cages that only allowed access to small vertebrates and invertebrates, and closed cages that per-
mitted access by smaller invertebrates only (5 mm wire mesh). We found that mean seed
removal rate was high (up to 87.3% per 3 d). Mound habitats experienced significantly higher
removal rates than off-mound habitats. The mean removal rate of native seeds from closed
cages was 11.1% per 3 d compared with 19.4% and 23.3% removed per 3 d in the roofed and
open cages, respectively. Smaller seeds experienced higher removal rates than larger seeds.
Large herbivore exclusion on mounds reduced native seed removal rates by a mean of 8.8% in
the open cages, but increased removal rates by 1.7% in the open cages when off-mound habitats
were fenced. While removal rates from open cages were higher on active mounds (30.9%) than
on inactive mounds (26.7%), the removal rates from closed cages were lower on active vs. inac-
tive mounds (6.1% vs. 11.6%, respectively). Thus, we conclude that large herbivores and
Macrotermes mounds influence seed removal rates, though these effects appear indirect.

Key words: African savanna; herbivores; invertebrates;Macrotermes mounds; seed cages; seed removal;
Uganda; vertebrates.

INTRODUCTION

Seed removal by animals has important consequences
(Zhang et al. 1997). It influences plant colonization,
regeneration, distribution, and reproductive success and
can thus influence the composition, structure, and asso-
ciated properties of vegetation (Hulme 1998, Bell and
Clark 2016). Seed removal may result in seed predation
or translocation to other microsites that may favor seed-
ling establishment (Vander Wall et al. 2005). Seed
removal rates typically vary with factors such as habitat
type, seed species, seed density, seed size, and removal
agents (Hulme and Borelli 1999).
Tropical savannas maintain abundant and diverse ter-

mite faunas (Bignell et al. 2011). At approximately 10 mil-
lion km2 (Riggio et al. 2013), African savannas are the
world’s largest savannas; characterized by a continuous
grass layer, most of which possess tree cover and termite
mounds (Frost et al. 1986, Sileshi et al. 2010). Termites of

the Macrotermitinae sub-family (Macrotermes), build
large epigeal mounds (Sileshi et al. 2010). TheseMacroter-
mes mound soils have enhanced water and nutrient avail-
ability for plants relative to off-mound soils and support
increased growth of vegetation (Sileshi et al. 2010, Okullo
and Moe 2012b).
Established Macrotermes mounds typically have higher

densities and diversities of woody plants and forbs than
the surrounding savanna (Traor�e et al. 2008, Moe et al.
2009, Sileshi et al. 2010, Okullo and Moe 2012a). This
vegetation has implications for local fauna. The abun-
dance and diversity of small mammals is high on vegetated
mounds relative to the surrounding savanna (Fleming and
Loveridge 2003, Okullo et al. 2013). The mound vegeta-
tion is also preferentially fed on by large herbivores
(Loveridge and Moe 2004, Mobæk et al. 2005).
The vegetation on mounds, mainly recruited from

seeds, creates local shaded habitats that reduce stress from
heat and desiccation (Traor�e et al. 2008, Støen et al. 2013,
Bonachela et al. 2015, Joseph et al. 2016). These habitats
enable the persistence of species that would otherwise be
vulnerable to climate extremes (Joseph et al. 2016).
African savannas support abundant and diverse verte-

brate herbivore populations (Du Toit and Cumming
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1999). Those African savannas receiving a mean annual
rainfall below 650 mm have their maximum woody
cover constrained by rainfall, but in areas receiving
higher rainfall, closed forest develops in the absence of
fire and herbivory (Sankaran et al. 2005).
The extent of seed predation by ants, birds and

rodents was assessed in the savanna in Zimbabwe
(Linzey and Washok 2000). However, the study did not
consider the biotic effects of termites and large mam-
malian herbivores (see Pringle et al. 2010, Okullo and
Moe 2012a).
Previous studies show that exclusion of large mam-

mals increases woody vegetation cover that sustains
small mammal and arthropod communities (Ogada
et al. 2008, Okullo et al. 2013, Keesing and Young
2014), some of which are important seed and seedling
predators. The interaction between large herbivores and
granivorous animals in the savanna landscape will likely
influence seed removal rates. Nonetheless, such interac-
tions have not been assessed in African savannas
(Maclean et al. 2011).
In the savanna of South Africa, up to 25% of the

annual seed crop of Acacia species is reported to be con-
sumed by rodents, suggesting that these animals have the
potential to influence plant communities (Miller 1994).
Seed removal may provide an explanation for the differ-
ence in species composition on and off mounds in the
wetter savannas, resulting from indirect effects of termite
and large herbivores (Okullo and Moe 2012a, Okullo
et al. 2013).
Although Macrotermes themselves do not move seeds

or store them in their nests (Erpenbach and Wittig
2016), they, together with large mammalian herbivores,
modify vegetation through herbivory and nutrient redis-
tribution (Moe et al. 2009). These activities conse-
quently alter the distribution and composition of plants
and animal communities (Traor�e et al. 2008, Pringle
et al. 2010). In the presence of large herbivores, diversity,
abundance, and biomass of insects and small mammals
decreases with distance from mounds (Fleming and
Loveridge 2003, Pringle et al. 2010).
While there has been some examination of how ter-

mites and large herbivores influence African savanna
vegetation (Okullo and Moe 2012a, b, Støen et al. 2013,
Joseph et al. 2015, Seymour et al. 2016), we know little
concerning their influence on seed removal. Understand-
ing how seed removal rates are determined offers
insights into mechanisms that potentially drive observed
patterns in tree species composition on and off mounds.
This study aimed to assess seed removal rates on and

off Macrotermes mounds with and without large mam-
malian herbivores. We postulated that Macrotermes
mounds would influence seed removal rates indirectly
through “bottom-up” effects on soil properties, thereby
altering the habitat for seed removal agents. Large mam-
malian herbivores similarly, modify habitats through
“top-down” effects of grazing and browsing, which
reduces vegetation cover, resulting in variation in

behavior, abundance and distribution of removal agents
(Ogada et al. 2008, Keesing and Young 2014).
To study the influence of Macrotermes mounds and

large mammalian herbivores on seed removal, we used an
ongoing experiment with four main treatments: (1)
unfenced savanna (off-mounds), (2) fenced savanna (off-
mounds), where large herbivores (>5 kg) were excluded
by fencing, (3) unfenced Macrotermes mounds, and (4)
fenced Macrotermes mounds. Within each main treat-
ment, there were sub-treatments (“seed cages”) that regu-
lated animal access to seeds: (1) closed seed cages that
permitted access by only small invertebrates (mesh <
5 mm), (2) roofed seed cages that permitted access by
small mammals and invertebrates, and (3) open seed
cages that permitted access by all animals.
Our main focus was the study of removal rates of

native tree seeds. Experiments were conducted using nine
native tree species and three species of agricultural seeds
known to be attractive to seed removal agents. Agricul-
tural seeds were used to evaluate the potential rates of
seed removal in the landscape.
We predicted that (1) seed removal rates would be

higher on Macrotermes mound habitat than in savanna
matrix habitat since the abundance of small mammals is
higher on mounds than adjacent savanna (Fleming and
Loveridge 2003, Okullo et al. 2013); (2) the exclusion of
large herbivores would lead to higher seed removal rates
both on mound and savanna habitats, due to increased
vegetation cover that would reduce small mammal and
arthropod predation risk (Keesing 1998); (3) removal
rates of seeds of tree species typically growing off-mound
would be higher on than off-mound habitats, because
small mammals and arthropods on vegetated mounds
might preferentially remove non-mound tree species
seeds contributing to the observed distinct tree species
composition on mounds (Fleming and Loveridge 2003,
Pringle et al. 2010).

METHODS

Study area

Lake Mburo National Park, extending over an area of
about 260 km2, in southwestern Uganda (00°300-00°420 S
and 30°470-31°040 E) has an average annual temperature
and rainfall of 20.7°C and 865 mm, respectively (data
available online).2 It has two rainy seasons; from October
to December and February to May. The vegetation of the
park is primarily open grass-dominated savanna, with
scattered trees dominated by Vachellia hockii (De Wild.)
Seigler & Ebinger formerly Acacia hockii De Wild.
(Bloesch 2008, Kyalangalilwa et al. 2013).
Macrotermes mounds with a mean height of 1.7 m and

mean radius of 3.7 m are distinct features of the park
landscape, with higher density and diversity of plants rel-
ative to the adjacent savanna matrix (Moe et al. 2009).

2 www.climate-data.org
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The mounds are typically covered with thicket vegetation
consisting of trees, dense clusters of multi-stemmed, much
branched, often armed woody plants, with intertwining
climbers, in addition to succulent plants. The mounds
have a sparse herbaceous layer (Bloesch 2008). The most
common woody species onMacrotermesmounds are Gre-
wia spp., Gymnosporia heterophylla (Eckl. & Zeyh.) Loes;
synonym Maytenus heterophylla (Eckl. & Zeyh.) N.Rob-
son (data available online),3 and Searsia natalensis (Bernh.
ex C.Krauss) F.A.Barkley; synonym Rhus natalensis
Bernh. ex C.Krauss (see footnote 3), whereas Dichrosta-
chys cinerea (L.), Vachellia sieberiana, and Vachellia ger-
rardii are common off mound (Moe et al. 2009). One
recent estimate of large herbivore biomass (>5 kg) in the
park was of about 89 kg/ha. The common large herbi-
vores include impala (Aepyceros melampus), bushbuck
(Tragelaphus scriptus), zebra (Equus burchelli), waterbuck
(Kobus ellipsiprymnus defassa), African buffalo (Synch-
erus caffer) and warthog (Phacochoerus africanus)
(Rannestad et al. 2006).

Experimental seed species

Seeds from three agricultural and nine native tree spe-
cies were used. Based on a previous study at the same
sites (Moe et al. 2009), we chose Allophylus africanus
P.Beauv, Grewia spp., Searsia natalensis (Bernh. ex
C.Krauss), Scutia myrtina (Burm.f.) Kurz and Vepris
nobilis (Delile) Mziray; synonym Teclea nobilis Delile
(see footnote 3) (species that typically grow on mounds)
and Vachellia gerrardii (Benth.), Vachellia hockii (De
Wild.), Vachellia sieberiana (DC.), and Dichrostachys
cinerea (L.) Wight & Arn. (species that typically grow
off-mounds) (Moe et al. 2009). The three agricultural
seeds were: maize (Zea mays L.), rice (Oryza sativa L.),
and groundnut (Arachis hypogeae L.), which have high
caloric values, easily metabolized carbohydrates and are
attractive to seed predators (Wiens and Johnston 1977).
All native tree seeds were locally abundant at the time of
the experiment and encompassed a range of mean sizes
from 18 to 298 mg (Appendix S1: Table S1). Only intact
seeds were used. Structures that are usually lost during
seed dispersal (such as pods and fleshy parts of the fle-
shy-fruited species) were removed from the seeds before
they were air-dried on newspapers for three days and
stored in dry airtight containers.

Seed removal experimental design

We used an experimental setup established in 2005,
10 yr before this study. The experiment was composed of
nine replicate sites, each site having four treatment plots
(Appendix S1: Fig. S1). The treatment plots consisted of
twoMacrotermes mound plots, one unfenced mound and
a fenced mound where large herbivores (>5 kg) were
excluded, and two adjacent savanna plots, with one

unfenced savanna and the other a fenced savanna. Fur-
ther details of the experimental setup are described by
Okullo and Moe (2012a). In each treatment plot, two
clusters of three seed cage types were placed. The clusters
of seed cages were each placed at opposite sides of the
treatment plots, 30 cm from plot boundary. Each cage
type within a cluster was located 30 cm away from the
other. The closed cage was covered by a 5 mm wire mesh
on all sides of a 5 cm wide 9 5 cm high 9 15 cm long
wire frame, that allowed access by only small inverte-
brates, but kept out animals >5 mm in size (presumably
all vertebrates as well as some larger invertebrates). Awire
and nails were used to strap and secure the closed cages
to the ground. The roofed seed cage was covered only at
the top by a 5 mm wire mesh located 5 cm above the
ground, and allowed access to invertebrates and small
mammals. The third “cage type” was left completely open
to allow free access to seeds by all seed removal agents.
All cages had the same dimensions of length and width.
The seed cages were placed on a flat surface where

grass had been removed to expose the bare ground.
Grass was removed to enable a clear view of the seed
conditions during the subsequent visits. A seed from
each agricultural and native tree species was placed in
the center of each seed cage and revisited three days
later. The seed cages were revisited 10 times within six
weeks between May and June 2015, at the end of the
rainy season. At each visit, each cage was assessed for
seeds that were removed or damaged. A seed was
recorded as removed if it was not seen in the seed cage,
and damaged if seed fragments were seen in the cage or
if gnaw marks were seen on the seed within the seed cage.
A seed that was identified outside the cage area was con-
sidered to be removed. Removed and damaged seeds
were replaced at each visit. In the first two weeks of the
study, 16 closed and 10 roofed cages were damaged by
animals. Data were not collected from locations with
damaged cages on these occasions, but the cages were
replaced and observations repeated until all sites had
equal coverage with undamaged cages (10 observation
periods). We did not assess how seed availability and
density of removal agents might vary with seasons, since
the study was undertaken within one season.
In 2005 when the large mammalian experimental exclo-

sures were erected, all selected mounds (nine fenced and
unfenced mounds) were occupied byMacrotermes (active
mounds; Okullo and Moe 2012b). However, during our
study in 2015, the mounds had been abandoned (inactive
mounds). Macrotermes mounds are stable and persistent
features of the savanna landscape, with long life spans
measured in centuries and millennia, and are continu-
ously recolonized and abandoned (Erens et al. 2015). To
assess whether mound status had an impact on seed
removal rates, we selected five additional vegetated active
Macrotermesmounds. The mounds were confirmed active
after holes drilled into them were repaired by termites.
The arrangement of seed cages on the active mounds was
the same as in the set up with inactive mounds.3 http://www.theplantlist.org/
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Data analysis

Data from the two clusters of seed cages per treatment
plot were pooled for each cage type to avoid pseudorepli-
cation. Seed removal rates were analyzed as proportions
of individual native tree seed species removed every three
days, out of the maximum possible outcome of seed
removal (i.e., 20 seeds of each species in each cage per
treatment plot). Since data were repeatedly collected from
the treatment plots within the sites, all analyses followed
a generalized linear mixed model (GLMM) assuming a
binomial distribution of error with a logit link function.
The binomial distribution of error was assumed, because
the response variable (seed removal rate) was computed
as a proportion. We used the function glmer of the lme4
package (Bates et al. 2015) in R to run the analysis
(R Core Team 2015). We used AICc and Akaike weights
to compare possible GLMM models obtained from the
dredge function of the MuMIn package in R. Using the
subset function, we calculated model averaged parameter
estimates for each model with delta AIC < 4. Each mod-
el's contribution to parameter estimate was proportional
to its Akaike weight (Barton 2016). The model with low-
est AIC and highest Akaike weight was considered the
most parsimonious model. We used analysis of deviance
(a maximum likelihood equivalent of ANOVA) to exam-
ine the amount of total variation explained by each of the
fixed terms and their interactions. We tested the effect of
cage, habitat type, tree species, and fencing by modelling
seed removal rate as a function of cage type (open,
roofed, or closed), habitat type (off-mound savanna or
mound habitat), presence or absence of large herbivores
(unfenced or fenced treatment plots), and native tree seed
species as fixed factors, while site was modelled as a

random factor. To test whether tree seed removal rates
were higher on active mounds than inactive mounds,
removal rates were modelled as a function of mound sta-
tus (active or inactive), cage type and native tree seed spe-
cies, all considered as fixed factors, while site was
considered as a random factor. To test whether seeds of
tree species typically growing off-mound had higher
removal rates, we modelled tree seed removal rates as a
function of seed source (tree species typically growing off
or on mounds), cage type, habitat type, and fencing, all
considered as fixed factors, while site was considered a
random factor.
Removal rates for agricultural seeds followed similar

patterns as native seeds and were comparable through
the treatments. Since our major focus was on removal
rates of native seeds, we do not report details of agricul-
tural seed removal rates in our results and discussion.

RESULTS

Overall, 3,530 (47.8%) agricultural seeds and 3972
(17.9%) native tree seeds were removed from savanna and
mound habitats. Seed removal occurred in all cage types
in all treatments. Mean seed removal rates for agricultural
seeds were consistently higher than removal rates for tree
seeds in all seed cages and habitats (Table 1). As
expected, seed removal rates for both agricultural and
native tree seeds were highest in open “cages” (62.6% �
4.7%, 23.3% � 1.0%, for agricultural and native tree
seeds per 3 d, respectively) and lowest in closed cages
(25.7% � 7.1%, 11.1% � 0.7%, for agricultural and tree
seeds, respectively). Removal rates from the roofed cages
were only marginally lower than rates from open cages
(Figs. 1 and 2, Appendix S1: Fig. S2). Mean seed removal

TABLE 1. Native tree and agricultural seeds that remained intact, were removed, and remaining seeds damaged from open, roofed,
and closed cages in unfenced savanna, fenced savanna, inactive unfenced mound, inactive fenced mound, and active unfenced
mounds.

Native tree seeds (%) Agricultural seeds (%)

Mound Fenced Cage Left intact Removed
Remaining seeds

damaged Left intact Removed
Remaining seeds

damaged

No no open 73.5 � 2.0 21.3 � 1.6 7.3 � 1.4 37.0 � 5.8 54.3 � 6.0 18.5 � 3.9
No no roofed 74.3 � 2.3 17.2 � 1.6 11.4 � 1.9 44.4 � 5.7 45.4 � 6.4 18.5 � 4.2
No no closed 82.0 � 2.1 11.5 � 1.4 8.1 � 1.8 67.6 � 5.8 22.6 � 5.7 17.7 � 4.2
No yes open 69.1 � 2.9 23.0 � 2.4 11.8 � 2.3 38.1 � 5.3 54.3 � 6 13.8 � 2.8
No yes roofed 69.6 � 2.7 20.7 � 2.1 13.7 � 2.3 36.1 � 5.6 53.3 � 6.3 23.7 � 3.8
No yes closed 78.1 � 2.8 13.6 � 2.0 10.7 � 2.3 65.0 � 5.8 26.9 � 5.3 14.0 � 3.4
Yes no open 66.7 � 2.3 26.7 � 2.0 10.6 � 1.6 29.4 � 4.9 64.8 � 5.1 16.2 � 4.9
Yes no roofed 71.7 � 2.5 22.2 � 1.9 10.4 � 2.1 33.1 � 5.4 62.0 � 5.8 13.4 � 4.3
Yes no closed 82.8 � 1.9 11.6 � 1.3 6.4 � 1.5 61.3 � 6.2 29.4 � 6.8 12.8 � 2.7
Yes yes open 75.0 � 2.4 17.9 � 1.8 10.7 � 2.1 38.7 � 5.5 52.2 � 6.1 18.9 � 3.6
Yes yes roofed 76.1 � 2.5 16.7 � 1.7 10.9 � 2.1 39.4 � 5.6 53.5 � 6.0 14.4 � 3.8
Yes yes closed 82.6 � 2.1 10.3 � 1.3 8.7 � 1.8 66.3 � 5.9 25.0 � 6.3 12.1 � 2.4
Yes (active) no open 65.7 � 3.7 30.9 � 3.4 7.3 � 2.1 8.7 � 2.5 87.3 � 2.8 22.2 � 9.2
Yes (active) no roofed 75.8 � 3.2 21.2 � 2.7 6.3 � 2.2 10.7 � 1.8 86.0 � 2.0 19.0 � 7.2
Yes (active) no closed 87.9 � 2.1 6.1 � 1.0 6.5 � 2.0 69.0 � 7.8 24.3 � 8.0 9.2 � 2.4

Note: Values are mean � SE.
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rates from the closed cages were about one-half
(11.1% � 0.7%) the rates of removal from the open
(23.3% � 1.0%) and roofed cages (19.4% � 0.9%) per
3 d. The highest mean removal rates of agricultural seeds
(87.3% � 2.8%,) and native tree seeds (30.9% � 3.4%)
per 3 d were in the open cages of active mounds
(Table 1). Damage rates of seeds that were not removed
were higher for agricultural seeds, ranging from 13.8% �
2.8% to 22.2% � 9.2% in the open “cages” compared to
7.3% � 1.4% to 11.8% � 2.3% for native tree seeds.
With a mean seed removal rate of 26.7% � 2.0% in the

open “cages” on mound habitats compared to 21.3% �
1.6% in the open “cages” off-mound in the adjacent
savanna matrix habitat, seed removal rates were signifi-
cantly higher on mound than on adjacent savanna habi-
tats (GLMM, estimate � SE = 0.18 � 0.05, z = 3.5,
P < 0.001, Appendix S1: Table S2). However, while large
herbivore exclusion resulted in a non-significant increase
in mean removal rates of all tree seeds in the non-mound
savanna matrix habitat by 1.7% in the open seed cage,
mean removal rates were significantly reduced on mound

habitats by 8.8% when large herbivores were excluded
(GLMM, estimate � SE = �0.42 � 0.07, z = �5.6,
P < 0.001, Fig. 3, Appendix S1: Table S2).
The species of the tree seeds accounted for 62.4% of

the total variation in removal rates (agricultural seeds
excluded). In the open cages, the smallest native seeds
Scutia myrtina had the highest mean seed removal rate
per 3 d period (47.9% � 3%) followed by Dichrostachys
cinerea (28.2% � 3%), Searsia natalensis (27.7% �
2.4%) and Vachellia hockii (26.1% � 3.2%; Fig. 4,
Appendix S1: Tables S1 and S2). The mean removal
rates of the larger seeds of Vachellia sieberiana, Allophy-
lus africanus, Vachellia gerrardii, and Vepris nobilis from
the open cages ranged between 12.1% and 23.6%, while
Grewia spp. had the lowest mean removal rate of
9.9% � 1.5%.
Scutia myrtina had the highest mean damage rate

(42.5% � 4.2%) for tree seeds not removed from open
cages, followed by Allophylus africanus (10.2% � 2%),
Vepris nobilis (9.2% � 2%) and Grewia spp. (7.8% �
1.4%), while all the other species had damage rates of <5%.

FIG. 1. Proportions (mean � SE) of agricultural seeds removed from nine replicate sites, each with four treatments (i.e.,
unfenced savanna, fenced savanna, unfenced mounds, and fenced mounds) and three sub-treatments (i.e., open, roofed, and closed
seed cages). Sub-treatments (three cages) were replicated for each treatment at each site (i.e., in four treatments at nine sites) with
inactive mounds and on the five additional active unfenced mounds. The agricultural seeds used were groundnut, Arachis hypogaea;
maize, Zae mays; and rice, Oryza sativa.
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Seed removal rates of native tree seeds correlated positively
with seed damage rates across treatments (Kendall’s
tau = 0.12, P = 0.018, n = 135, Appendix S1: Fig. S3).
Mean seed removal rate for tree seeds was higher in

open cages on active mounds (30.9% � 3.4%) than on
inactive mounds (26.7% � 2%; Table 1, Fig. 2), but lower
in the closed cages on active mounds (6.1% � 1%) than
on inactive mounds (11.6% � 1.3%). However, removal
rates were significantly higher on active mounds when
native tree seeds were accessible by all seed removal agents
compared to removal by invertebrates alone on inactive
mounds (GLMM, estimate � SE = �0.73 � 0.18, z =
3.97, P < 0.02; Fig. 2, Appendix S1: Table S3).
With a mean seed removal rate of 23.1% � 1.3% from

open cages for tree species typically growing on-mound,
compared to 23.5% � 1.4% for tree species typically
growing off-mound, there was no significant difference in
mean removal rates of tree seed species typically growing
on and off mounds (GLMM, estimate � SE = �0.11 �
0.07, z = �1.56, P = 0.11; Appendix S1: Table S4).

DISCUSSION

Our results show high seed removal rates, reaching
87.3% in three days, and that rates vary considerably
among habitats. These differences may translate into even

larger ecological differences due to the compounding nat-
ure of these rates over time. Seed removal rates were higher
on Macrotermes mounds than in the adjacent off-mound
savanna matrix. Contrary to our expectation, seed removal
rates decreased when large herbivores were excluded from
Macrotermes mounds even though they increased off-
mound. Removal rates of seeds, when accessible to all
removal agents, were greater on active than inactive
mounds, but this pattern was reversed when removal by
small invertebrates alone (closed cages) was considered,
indicating that differences in both vertebrates and inverte-
brates removal agents are involved. In general, smaller
seeds experienced higher rates of removal than larger seeds.
Removal rates of agricultural seeds surpassed those of

native tree seeds in all cases, showing that seed removal
agents are selective. The agricultural seeds are likely
more conspicuous and more palatable than native tree
seeds (Wiens and Johnston 1977).
Cover vegetation differs among locations throughout

the savanna landscape. Compared to the non-mound
savanna matrix, Macrotermes mounds tend to possess
denser and more diverse woody and forb plant commu-
nities that provide cover to granivores (Fleming and
Loveridge 2003, Bloesch 2008, Traor�e et al. 2008, Moe
et al. 2009, Okullo and Moe 2012b, Okullo et al. 2013).
Coupled with reduced predation risk, the lower tempera-
tures on vegetated Macrotermes mounds compared to
the adjacent savanna matrix may sustain granivorous
animal communities (Joseph et al. 2016). Similar to our
finding, a study in the savanna of South Africa found
greater tree seed removal rates in dense tall-grass habitat
than grazing lawn and open sub-canopy habitats (Wal-
ters et al. 2005). Since small mammal and arthropod
densities typically correlate with cover, seed removal
rates are also expected to increase with cover. The
increase in seed removal rates with exclusion of large
herbivores in the savanna habitat is thus attributable to
increased cover leading to increased density of grani-
vores (Ogada et al. 2008, Keesing and Young 2014).
Our finding that seed removal rates from mound habi-

tats were reduced when large herbivores are excluded
was unexpected and indicates different requirements or
abilities of the fauna using this habitat. A previous study
at the same locations, found that in the fenced mound
plots, the rodents Aethomys kaiseri and Mus minutoides
were the most captured small mammals (Okullo et al.
2013). Aethomys kaiseri eats mainly grass (Kingdon
2003) and a study in Nigeria found that leaves and grass
comprised 85.1% of the gut contents of Mus minutoides
(Iwuala et al. 1980). Therefore, small mammals that are
not predominantly granivorous appear to dominate
fenced mound plots. On the other hand, five out of the
twelve small mammals species captured in the unfenced
mound plots (Okullo et al. 2013) had mainly granivo-
rous and insectivorous diets (Rowe-Rowe 1986).
Aside from small mammals and invertebrates, birds

and primates may also have removed seeds. A study in
Zimbabwe showed that mounds provided nesting sites for

FIG. 2. Overall percentage (mean � SE) of native tree seed
removal rates from each of the three seed cage types (open,
roofed, and closed) under four treatments (fenced savanna [SF],
unfenced savanna [SUF], fenced mound [Inactive_MF],
unfenced mound [Inactive_MUF]) replicated in nine sites
(n = 9), and active unfenced mounds (Active_MUF) replicated
five times (n = 5).
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21 species of cavity using birds, 62% of which were frugiv-
orous (Joseph et al. 2011). Similarly, observations in our
study area indicate that birds spend more time on
mounds than in off-mound habitats and that insectivo-
rous birds are more common on fenced than on unfenced
mounds (unpublished data). We do not know how birds
influence seed removal rates in our study area, but it is
likely that birds deposit seeds from fruit producing trees
on mounds more frequently than in the surrounding
savanna, since they tend to nest and roost on trees grow-
ing mounds. Primates were likely responsible for damag-
ing the seed cages on several occasions, however, as with
birds we remain uncertain whether these animals are sig-
nificant seed removal agents and how they influence other
such agents. Incorporation of camera traps in future
investigations would provide more details on the identities
of animals involved in seed removal.
The design of our study, with its clustering of native

tree seeds, the inclusion of agricultural seeds and perhaps
the seed cages, may attract or repel some seed removal

agents thus influencing local removal rates. Such influ-
ences are comparable among the treatments as our set-up
was consistent across all locations, though differences in
visibility could cause some biases (but would also influ-
ence removal in a natural context). Comparison of seed
removal rates as a function of proximity to other seeds,
and visibility requires further evaluation.
Plant recruitment depends on both seed availability

and suitable sites for seedling establishment (Duncan
et al. 2009). An earlier study at the same sites showed
that the density of common tree seedling species was
higher on fenced than unfenced mound plots (Støen
et al. 2013). The lower seed removal rates on these
fenced mounds (this study) suggests that fenced mounds
may be “safe sites”: ideal places for seed germination
and recruitment (Harper 1994).
Contrary to the often-predicted higher seed removal

rates for large seeds (Moles et al. 2003), smaller tree seeds
in our study experienced higher removal rates than larger
seeds. Although seed removal rates by small invertebrates

FIG. 3. Proportions (mean � SE) of native tree seeds removed from nine replicate sites each with four treatments (i.e., unfenced
savanna, fenced savanna, unfenced mounds, and fenced mounds). Each treatment plot in the nine replicate sites with inactive mounds
and five additional unfenced active mounds had three sub-treatments (i.e., open, roofed, and closed cages). All open symbols are tree
species typically growing off-mound in the savanna matrix, while filled symbols are tree species typically growing on-mound.
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(<5 mm) were about half of the removal rates for seeds
accessible by all removal agents, Searsia natalensis and
Vachellia hockii experienced higher removal rates com-
pared to other species of native tree seeds. These seeds
were smaller (<5 mm) than the mesh size, thus their
removal reflects their ability to be removed without first
breaking them. While more species of seed removal
agents can process small-sized seeds, vertebrate seed
removal agents can handle and process larger-sized seeds
more efficiently. This suggests, that invertebrates may be
specialized in processing small-sized seeds. In addition, as
strength is proportional to muscle cross-sectional area,
smaller seed predators should be able to exert greater
forces relative to their body mass to break and consume
small, tough seeds that appear mechanically better
defended than larger seeds (Fricke and Wright 2016).
Defensive compounds may also provide an explanation
as protective tissue investments tend to be proportionally
related to the seed reserve mass, potentially reducing
removal rates of larger seeds (Moles et al. 2003). Our
result of more frequent seed removal of smaller seeds
than larger seeds is similar to a result from the savanna in
South Africa where smaller seeds of Vachellia karroo
(Hayne) Banfi & Galasso formerly Acacia karroo Hayne,
(Kyalangalilwa et al. 2013) had higher removal rates than
large seeds of Vachellia nilotica (L.) P.J.H. Hurter &Mabb
formerly Acacia nilotica (L.) Willd. ex Del. (Walters et al.
2005, Kyalangalilwa et al. 2013).
Seed damage rates correlated with removal rates

across all treatments in all sites (Appendix S1: Fig. S3).

Overall then, similar patterns were observed when
removal and damage were considered rather than
removal alone, implying that these processes are depen-
dent on the same animals.
The reduction in seed removal by small invertebrates

on active mounds affirms observations that Macroter-
mes themselves are not major seed removers (Erpenbach
and Wittig 2016). Overall, removal rates on active
mounds are higher than inactive mounds. The reasons
are unclear, though it may reflect the improved foraging
opportunities for some granivores that can compensate
for the reduced seed removal by small invertebrates on
active mounds. It may also be that the termites, through
their foraging and mound-building activities, attract
seed removal agents. The nature of these interactions
requires further investigations.
We had expected that the seeds of tree species that

grow off-mound would be preferentially removed on the
Macrotermes mounds and vise-versa. However, since the
relative removal rates of seeds of tree species typically
growing on and off-mound showed no such consistent
differences in the two habitats, the removal agents
appear to lack a distinct preference of tree seed by habi-
tat. This may reflect the ranging behavior and generalist
feeding habits of seed removal agents in the savanna
landscape and suggests that differential seed removal is
not the main determinant of the distinct composition of
the trees though we acknowledge that further work is
required to investigate seed germination and establish-
ment safe sites within these habitats.
Seed removal rates do not indicate seed fate. We

expect that predation is the dominant pathway, and this
is also consistent with our seed damage observations.
Various animals, including ants, rodents and birds, are
known to move seeds to sites where germination might
be possible (secondary dispersal; Vander Wall et al.
2005). It is likely that some seeds were moved to other
microsites where germination may be favored.

CONCLUSION

Our results show high removal rates, although pat-
terns are context dependent. Seed removal rates differed
among species, but those with smaller seeds experienced
higher rates. Seed removal rates were significantly higher
on-mound relative to off-mound. However, while exclu-
sion of large herbivores reduced seed removal rates on
mounds, it increased removal rates in the savanna habi-
tats. Seed removal rates by invertebrates were lower
when Macrotermes were present in mounds. We con-
clude that termites and large herbivores influence seed
removal rates through a range of indirect effects result-
ing from their influence on soil properties and plant
structure, which alter habitat quality.
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