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Abstract

Context Both plant size and distribution of plants
and resources across landscapes are known to influ-
ence pollinator behavior and resulting plant reproduc-
tive success. However, the relative influence of these
intrinsic and extrinsic factors is unknown.

Objectives We evaluated the relative contribution of
individual plant size and landscape variables to repro-
ductive success in bat-pollinated baobabs (Adan-
sonia digitata) and determined if the interaction is
scale-dependent.

Methods We recorded fruit number per baobab of
741 baobab in south-central Kenya and measured
size metrics of individuals. We georeferenced bao-
babs and relevant resources across 10 km? to gener-
ate landscape variables. Conditional inference forests

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10980-022-01435-7.

M. A. Krishnamoorthy (<))

Department of Biological Sciences and Department

of Natural Resources Management, Texas Tech University,
Lubbock, TX 79409-3131, USA

e-mail: macy.krishnamoorthy @ttu.edu

P. W. Webala
Department of Forestry and Wildlife Management, Maasai
Mara University, Narok, Kenya

T. Kingston

Department of Biological Sciences, Texas Tech University,
Lubbock, TX 79409-3131, USA

Published online: 06 April 2022

determined scale-specific responses over 20 buffer
distances (50-m to 1000-m) around baobabs and iden-
tified relative variable importance. We modeled pres-
ence of fruit, as not all trees produce fruit. For fruit-
ing baobabs, we modeled whether there were few or
many fruits.

Results Conditional inference forests were signifi-
cant at 50-m to 600-m buffer distances. Individual
characteristics of baobabs were the primary driv-
ers of fruit presence, with larger trees more likely to
fruit. Fruit presence was modified by baobab height
and landscape variables. Land use primarily drove
baobab fruit production category, which was modi-
fied by baobab size and other landscape variables.
The importance of distance to and density of alternate
food resources changed with scale.

Conclusions Individual characteristics and land-
scape variables both influence reproductive success
in the bat-pollinated baobab system, and relative vari-
able importance was scale-dependent. The pollinator
landscape is complex and scale-dependent, encom-
passing not only the distribution of the baobab popu-
lation but also attractants (pawpaws) and distractants
(figs) that further influence reproductive success.

Keywords Baobab - Bat pollination - Individual

traits - Landscape context - Pollination - Reproductive
success
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Introduction

Many factors influence plant reproductive suc-
cess including size and age of the plant (Wickens
and Lowe 2008; Angoh 2016), soil characteristics
(Assogbadjo et al. 2005; Neil and Wu 2006; Kermack
and Rauschert 2019), and successful pollination. For
example, as girth at breast height (GBH) increases in
ebony trees (Diospyros species), so does the propor-
tion of flowers that set fruit successfully (Somanathan
and Borges 2000). The relationship between GBH
and fruit production occurs in many plant species,
presumably reflecting greater allocation of resources
to reproduction rather than growth in more mature
trees (Chapman et al. 1992; Somanathan and Borges
2000; Snook et al. 2005). Increases in other meas-
ures of plant size, such as root mass in Texas Dutch-
man’s pipe (Aristolochia reticulata), increase seed
production (Rausher and Feeny 1980), likely because
they increase the acquisition of resources needed for
reproduction.

In the case of plants reliant on cross-pollina-
tion from animal pollinators, pollinator movement
becomes important. Not only must plants attract pol-
linators, but pollinators need to bear pollen to or from
conspecifics distributed across the landscape. Con-
sequently, reproductive success arises from an inter-
action of individual plant characteristics that attract
pollinators and support reproductive success (e.g.,
plant size, flower height, number of flowers produced,
flower structure) and the positioning of the plant in
a plant-pollinator network. For example, taller plants
attract more pollinators (Dickson and Petit 2006;
Dudash et al. 2011) and increase connectivity of
plant-pollinator networks (Dupont et al. 2011, 2014),
which can be important for successful pollination
(Ghazoul 2005). Similarly, the more flowers pro-
duced, another characteristic of individual plants, the
more frequent the visits by pollinators in a savanna
shrub species (Palicourea rigida; Justino et al. 2012)
and fruit set in thistles (Dupont et al. 2011, 2014) in
part due to the structure of the pollination network.

Plant-pollinator networks are also determined by
the spatial arrangement of conspecifics within the
population, most notably the distance to and density
of neighbors. Within plant populations, pollinator
visits increase as distance to nearest neighbor of this-
tles decreases (Dupont et al. 2011) and as distance to
patch center in clustered thistle populations decreases
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(Dupont et al. 2014). Pollinator visits become more
efficient at less dense spatial configurations of artifi-
cial flowers (Pasquaretta et al. 2017). Further, polli-
nator visits occurring over larger distances are more
effective in P. rigida (Maruyama et al. 2016). Den-
sity of conspecifics surrounding an individual plant
has been found to have contrasting effects. Bosch and
Waser (2001) found that Nuttall’s larkspur (Delphin-
ium nuttallianum) in sparse arrays of multiple indi-
viduals received higher pollen loads from humming-
bird and bee pollinators. Intraspecific competition for
pollinator visitation leads to negative relationships
between reproductive success and number of flow-
ers in a South African iris (Lapeirousia oreogena,
Johnson et al. 2012) and large population size in three
shrub species (Asclepias curassavica, Gomphocarpus
fruticosus, Gomphocaprus physocarpus; Ward et al.
2013). Contrastingly, Jones and Comita (2008) found
a positive density-dependent relationship between
density of self-incompatible Jacaranda trees and fruit
set.

Pollinators must navigate complex landscapes,
so their movement is further influenced by the den-
sity and distribution of key resources, including
other food sources, water, and shelter. Alternate food
resources may increase efficiency of pollination ser-
vices for focal plant species by attracting pollinators
to the area, and even subsidizing and bolstering popu-
lations, as with some frugivorous bat species (Fukuda
et al. 2009; Aziz et al. 2016). Other foods may act as
distractants, waylaying pollinators and reducing visi-
tation rates (Circe’s Principle; Lander et al. 2011).
Proximity to water can also influence where pol-
linators forage (Kasangaki 2018) or where animals
choose shelter (Li and Wilkins 2015). For a plant
dependent on pollinator visitation, proximity to other
resources could thus be detrimental or beneficial to
the focal plant species. This is especially true when
plants depend on generalist pollinators or species that
are facultatively nectarivorous (e.g., members of the
plant-visiting bat family Pteropodidae Marshall 1983;
Singaravelan and Marimuthu 2004; Southerton et al.
2004) or rodents (Johnson et al. 2001; Kleizen et al.
2008; Wester et al. 2009)).

Land use can influence plant reproductive success
through resources available for reproduction and pol-
linator movement. Fruit production is often greater
in human-modified landscapes due to additional
resources provided to plants, including in baobabs
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(Adansonia digitata; Venter and Witkowski 2011)
and in bat-pollinated columnar cactus (Stenocer-
eus stellatus; Arias-Céyotl et al. 2006). Venter and
Witkowski (2011) suggested that fruit production is
greater in human-modified landscapes due to crop
irrigation. Similarly, arid agricultural lands reha-
bilitated with native plants have been found to have
altered hydrology patterns and high nutrient avail-
ability (Baer et al. 2009). This boost in resources may
alone support greater fruit production, but it can also
increase flower production and even plant population
density, attracting more pollinators to the area and
further increasing reproductive success (Arias-Cdyotl
et al. 2006). Proximity to natural habitats also pro-
motes pollination in non-natural areas (Cranmer et al.
2012; Joshi et al. 2016), indicating the importance of
the attractant and subsidy effects.

Scale is an important issue in landscape and pol-
lination biology, as interactions between plants and
pollinators occur over different scales. The spatial
scale at which pollinators operate is dependent on
several factors, including the flight and visual capa-
bilities of the pollinator, their dependence on alter-
nate food resources, or dependence on the pollinated
species (Ghazoul 2005). Interactions between pollina-
tor and plant may be determined by individual plant
characteristics, land use, and the spatial distribution
of conspecifics and resources, but the proportional
contribution of these determinants may vary across
landscape. For example, Schiiepp et al. (2013) found
that at landscape (100-m to 350-m or 500-m) scales,
isolation of cherry trees within the conspecific popu-
lation decreased both pollination success and pol-
linator visitation. Additionally, they found that the
amount of pollinator habitat surrounding the cherry
tree increased pollinator visitation. At local scales
(50-m), the greater the heterospecific flower density
(flowers on another shrub species) surrounding the
cherry tree, the lower the pollination success of the
cherry tree.

To address the relative contribution of individual
and spatial characteristics to reproductive success
and how reproductive success varies with landscape
scale, we studied the bat-baobab system in south-
central Kenya. There are eight species of baobab in
the genus Adansonia, though only Adansonia digi-
tata occurs on mainland Africa. Baobabs (hereaf-
ter, all mentions of ‘baobab’ refer to A. digitata) are
large, long-lived trees that span mainland Africa

in arid and semi-arid environments (Gebauer et al.
2016). Trees reach up to 5 m diameter at breast height
(Fig. 1A) and, from radiocarbon dating, can live for
1400-1500 years (Patrut et al. 2007; Venter and Wit-
kowski 2010). Most baobabs flower across a four- to
six-week period, opening between 10 and 50 flowers
each night (Fig. 1B), and flowers are no longer viable
by the morning after they open (Baum 1995; Venter
and Witkowski 2011). Mature baobab fruits (Fig. 1C)
contain many seeds inside a dry, hard shell and are
classified as aggregate fruits (Baum 1995). Imma-
ture fruits have a softer, green exterior (Fig. 1D). The
hard shells of mature fruits are relatively difficult to
open and the fruit is not eaten by bats, but dispersed
by a variety of larger terrestrial mammals, including
baboons, ungulates, elephants, and humans (Wickens
and Lowe 2008; Gebauer et al. 2016). Baobabs are
economically important to many communities across
sub-Saharan Africa, providing nutrition and a source
of income to local people (Sidibe and Williams 2002;
Venter and Witkowski 2013; Gebauer et al. 2016).
Reproductive success varies among baobab individu-
als in populations, with individual baobabs termed
poor producers (few fruit) or producers (many fruit;
Venter and Witkowski 2011; Venter et al. 2017).
Baobabs are self-incompatible, requiring cross-
pollination (Venter et al. 2017), and are primarily
pollinated by bats of the family Pteropodidae (van
der Pijl 1937; Baker 1961; Start 1972; Djossa et al.
2015, but see Taylor et al. 2020; Karimi et al. 2021).
In Kenya, the pollinators include Rousette fruit
bats (Rousettus aegyptiacus), epauletted fruit bats
(Epomophorus species; Fig. 1E), and straw-colored
fruit bats (Eidolon helvum; Patterson and Webala
2012). The bat-baobab system offers a unique per-
spective on plant—pollinator systems because the bat
pollinators are primarily frugivorous (Patterson and
Webala 2012). Due to the seasonal flowering and
nutritional content of nectar, bat pollinators in this
landscape are generally not able to rely solely on
nectar sources for survival, so must use other food
sources. Fruit bats only visit baobabs for the nectar
and pollen resources flowers provide, do not con-
sume immature or mature baobab fruit, and rely on
other species in the landscape for fruit. Fruit bats in
the area consume primarily figs (Ficus species) but
also take advantage of cultivated pawpaw (Carica
papaya) trees year-round (Webala et al. 2014; Olu-
bode et al. 2016). These fruits could function as
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Fig. 1 Plate of pictures showing A baobab tree (Adansonia
digitata) with van and tents for scale, B opened baobab flower,
C a small, mature fruit opened to show pulp covered seeds
inside, D immature fruit hanging on baobab tree, and E poten-
tial bat pollinators (Epomophorus species) hanging in trees in
Kenya
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attractants, subsidizing bats in the area, or as distract-
ants. Figs have more complete nutritional value than
do baobab flowers (e.g., nectar and pollen; Baker and
Baker 1975; Baker 1977; Batista et al. 2016), sug-
gesting that they may act as distractants to baobabs.

The objectives of our study were twofold. First, we
sought to determine the relative contribution of indi-
vidual tree characteristics and landscape context, in
the context of pollinator landscapes, to baobab repro-
ductive success. We built models around two meas-
ures of reproductive success—the absence or pres-
ence of fruit on a baobab and, if a baobab produced
fruit, the fruit production category of the baobab (few
or many fruit). Tree height and GBH were our meas-
ures of individual characteristics. Baobabs with large
GBH may have resources to allocate to reproduction
and be better at securing water and soil nutrients due
to larger root networks. Alternatively, tall trees may
be more visible to bat pollinators as they are notably
taller than surrounding bush (Fenner 1982), so may
be identifiable to fruit bats relying on vision (Fleming
et al. 2009). In addition, tall trees (i.e., greater GBH
and height) are more likely to produce fruit (presence/
absence models) and produce more fruit (few/many
models), than shorter trees due to resource acquisition
(West et al. 2009).

Our measures of spatial and landscape context
were baobab densities, distances to conspecifics,
other food sources and water, and recorded land use
patterns in the area. Plant-visiting bats are known to
travel over large distances (e.g., Epomophorus wahl-
bergi over 4-14 km; Bonaccorso et al. 2014) and
commonly adopt foraging strategies that align with
predictions from optimal foraging theory (Charnov
1976; Pyke et al. 1977; Calderén-Capote et al. 2020;
Walter et al. 2020) so landscape variables (e.g., den-
sity of food resources) are likely to influence forag-
ing decisions. For example, it may be energetically
profitable to travel a long distance to an area where
food is available at high density, whereas energetic
costs may not exceed gains if only a single tree with
food is available at a distant destination. In contrast,
local foraging decisions (e.g., moving from one tree
to another within a patch) is thought to be influenced
by the distances to the next nearest resource. We pre-
dicted that reproductive success would be greatest
in focal trees surrounded by conspecifics (small dis-
tances to conspecifics and high baobab densities). We
hypothesized that pawpaw and figs would function as
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distractants, because they are large (pawpaw), abun-
dant (figs), and of high nutritional value, reducing
reproductive success of focal baobab trees nearby.
Disturbed land uses have been demonstrated to pro-
vide additional water or fertilizer, or bolster fruit
bat populations with additional food resources. We,
therefore, predicted that baobabs on disturbed lands
(e.g., homesteads or farms) produce more fruit than
baobabs on undisturbed lands (e.g., bush).

Our second objective was to determine if rela-
tive variable importance was scale-dependent. We
hypothesized that the relative contribution of indi-
vidual characteristics and landscape variables would
be scale-dependent, with landscape variables (e.g.,
density metrics) being more important at larger
scales and individual plant characteristics dominat-
ing responses at local scales. Individual characteris-
tics should be dominant at local (i.e., small) scales
as these should reflect ability of plants to access
resources (soil nutrients and water) and maturity of
the tree. At larger scales, landscape variables influ-
encing pollinator movements start to determine tree-
level visitation rates, and should make greater con-
tributions to reproductive success. We anticipated
maturity thresholds to be influential in a tree’s ability
to produce fruit, so expected that fruit presence would
be primarily a function of GBH and tree height, with
limited landscape influence. In contrast, we expected
fruit production category models to be more influ-
enced by a larger relative contribution of landscape.

Methods
Study site

The study was conducted at the Nuu Hills, Mwingi
Central Sub-County of Kitui County, south-central
Kenya (Fig. 2). This area was selected because of the
high baobab population, and because it is known to
support fruit bat populations. Kitui County is catego-
rized as arid and semi-arid (Orindi et al. 2007), with
200-600 mm of rain annually (Burgess et al. 2004),
falling in two seasons. ‘Long’ rains occur between
March and May while ‘short’ rains fall between Octo-
ber and December, with short rains sustaining crop
production (Cassim and Juma 2018). Baobabs flower
primarily during short rains and do not produce flow-
ers year-round, and so they provide a seasonally

flowering resource for bats. The bounded study area
spanned approximately 10 km? primarily compris-
ing the Northern Acacia-Commiphora Bushlands and
Thickets ecoregion (Burgess et al. 2004). People live
throughout the landscape on small, primarily agrar-
ian homesteads. Land is either grazed by cattle or
cleared for agriculture, leaving only large trees that
are too difficult or valuable to cut down (oftentimes
baobabs).

Fieldwork took place from December 2017
through January 2018, estimating fruit production
from one season. During this time, the seasonal Uva
River running through the study site was completely
dry (Fig. 2), but it has water during long rains. Bao-
babs were primarily maturing fruit and only a hand-
ful (50 of 741 trees surveyed) were flowering during
this time. Figs and pawpaw are common in the study
landscape and fruit asynchronously so are poten-
tial food sources for bats year round (Olubode et al.
2016). Figs are especially prominent along water-
ways (Njoroge et al. 2010), and pawpaw is grown
in gardens. Both are consumed by Kenyan fruit bats
(Webala et al. 2014). Although mango trees are pre-
sent and bats are known to eat mangoes in the study
area, mango trees are not in fruit when baobabs are
flowering, so were not included in the study. Figs and
pawpaws were included, along with conspecific bao-
babs, in measures of density and nearest neighbor as
alternate fruiting resources that could act either as a
distractant for a bat pollinator (Lander et al. 2011),
or a subsidy/attractant (Oro et al. 2013). There were
three identifiable water sources: a dammed pond, the
Uva river, and a small pond near the main road that
connects Mwingi and Nuu. All baobabs, figs, paw-
paws and water sources were located while in the
field, georeferenced, and imported into ArcMap ver-
sion 10.3 (Environmental Systems Resource Institute
2014). The overall shape of the study area where trees
were georeferenced was dictated by baobab density
and permission to access land.

Tree variables

Reproductive success of baobabs was measured as
the number of developing or mature fruit on each
baobab. After pollination, baobab fruit takes approxi-
mately six months to mature (Sidibe and Williams
2002). During maturation, the fruit has a fuzzy, green
coat on the outside. Once mature, the fruit is dry and
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Fig. 2 Study area and location in Kenya (white rectangle in inset)

becomes brown, and can be up to 20 cm by 10 cm
in size (Venter and Witkowski 2011) and easily vis-
ible on the tree (Fig. 1C, D). Whole fruit that is no
longer developing and would not mature may still
be attached to branches, but usually has a small or
shriveled appearance, suggesting seed and fruit abor-
tion. Only mature or developing fruit were counted.
We counted fruit by dividing the tree at the trunk into
four sections by cardinal directions, counting fruit in
each section with the naked eye, and summing the
four totals.

@ Springer
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Individual properties of the baobab included the
georeferenced coordinates to+4 m, the height of
the tree, and girth (circumference) at breast height
(GBH). Height of each baobab was calculated from
readings of a SUUNTO PM-5/360 PC Clinometer
at 20 m from trunk of each tree. We focused on cir-
cumference because mature baobabs have asymmetri-
cal trunks and uneven surfaces, and we used a flex-
ible 50-m tape to take the GBH measure (Wickens
and Lowe 2008). All trees that could not have GBH
measured (fallen over, but still alive) or had a GBH
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less than 1.27 m were excluded from analysis. Venter
and Witkowski (2010) categorized juvenile baobabs
generally as having < 1.0 m diameter at breast height
(~3.14 m GBH) with few individuals producing fruit.
In this study, we found that baobabs with at least
1.27 m GBH were capable of producing fruit. Though
previous studies of baobabs have reported that there
is no clear relationship between GBH and fruit pro-
duction (Killmann et al. 2003; Venter and Witkowski
2011), Killmann et al. (2003) suggested that other
drivers of inter-individual variation in fruit produc-
tion (e.g., soil characteristics and land use) may have
masked this relationship. However, our methodol-
ogy can accommodate correlated factors and is able
to elucidate the relationship between GBH and fruit
production.

Landscape variables

Our study predicted that reproductive success was in
part attributable to the density of conspecifics in the
area surrounding each baobab. Baobabs on the edge
of the study area may not have complete spatial infor-
mation available; for example, density counts may
be incomplete as conspecifics or other asynchronous
fruiting trees were outside the bounds of the study
area. To account for this, we buffered each baobab
in ArcGIS, using increments of 50 m, from 50 to
1000 m. Only baobabs that had 99.9% of the area of
the buffer within the bounds of study area were used
in the analysis resulting in subsets of the total num-
ber of baobabs. Each buffer distance was included in
the data analyses. Buffer distances are our measures
of different scales in the study, where smaller scales
refer to smaller buffering distances and larger scales
refer to larger buffering distances.

We categorized land-use types immediately sur-
rounding each tree in the field as cleared area (home-
stead or other land cleared by humans for their use,
not including farmland), farm (areas of land cleared
specifically for crop-growing), rocky area (naturally-
occurring rocky outcrop, which tend to be cleared of
brush), bush areas (‘natural’ areas that have not been
cleared of brush, so have low, bush-like trees (Acacia-
Commiphora), but may be utilized for grazing live-
stock), road (trees occurring near non-paved roadways
or walkways, which may border other land-use types),
and school (space cleared of vegetation adjacent to
school for human use). In ArcGIS, we measured

distances to nearest baobab, fig, pawpaw and water,
and counted number of baobabs, pawpaw, or figs
within the various buffers surrounding the focal bao-
bab to give density measures. For distance to nearest
conspecific and density of surrounding baobabs, we
used all baobabs (fruiting and non-fruiting) as the
potential nearest neighbor or in the count for density.
Each water source was identified from ground-truthed
aerial images in ArcMap version 10.3 (Environmental
Systems Resource Institute 2014).

Bat captures

To confirm presence of fruit bat species in the study
area, we conducted five nights of opportunistic mist-
net surveys at dammed water sources, a mango grove,
and at one baobab. From one to four mist-nets or
canopy nets were set up over water sources or along
potential fly-ways around baobab or mango trees (as
the latter were fruiting and ripe at this time). Nets
were open for approximately two and a half hours
each night from 18:30 to 21:00 and checked every 15
to 30 min. Species were identified following Patterson
and Webala (2012). Procedures involving bat capture
and handling followed guidelines established by the
American Society of Mammalogists (Sikes 2016) and
were approved by the Texas Tech University Insti-
tutional Animal Care and Use Committee (Protocol
16100-10).

Data analyses

Conditional inference forests (CIFs) were used to
identify the relative importance of individual and
landscape characteristics to baobab reproductive suc-
cess. CIFs combine Breiman’s random forests (Brei-
man 2001) that use recursive bagging of observa-
tions, and conditional inference trees, which consist
of a series of nonparametric tests, capable of handling
many predictor variables, including correlated vari-
ables, and so are ideal for our dataset (Hothorn et al.
2006b). For example, in our dataset, GBH and height
of baobabs are closely related according to Pearson’s
product-moment correlation (t=26.374, df=587,
p<2.2x 10‘16), but both were retained because bao-
babs do not always exhibit proportional growth in
height and GBH throughout their lifetime (Wick-
ens and Lowe 2008). Due to conditional inference
trees flexibility in handling many types of data (e.g.,
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categorical, continuous, ordinal), and non-normal
data, CIFs and related techniques such as conditional
inference trees and random forests are increasingly
used to analyze ecological data (Collins et al. 2018;
Liao et al. 2018; Phelps and Kingston 2018).

Two models were constructed for analyses, and all
methods repeated with each model. Using the count
of total number of fruit on each baobab tree, we cal-
culated two response metrics: (i) the capability to
produce fruit (presence or absence); and ii) if bao-
babs fruited, the fruit production category (‘few’ or
‘many’). Categories in (ii) were determined by quan-
tile binning, using the base quantile function in R,
performed on each buffer distance dataset. The struc-
ture of the number of baobab fruit per tree was found
to be non-normal using Shapiro-Wilks normality tests
(all baobabs, W=0.55383, p<2.2x107'®, fruiting
baobabs only, W=0.77054, p<2.2x 107'%), but CIFs
are able to utilize non-parametric data.

Two statistical models were created for each
buffer-distance dataset, one for each response vari-
able (presence/absence of fruit and few/many fruit).
The independent variables are those described above.
We constructed conditional inference forests of 500
iterations of CIFs for each buffer-distance dataset,
specifying that all 10 independent variables were to
be tried at each split. To avoid having forests of trees
with many, sometimes non-significant splits in our
independent variables, we limited splits to three lev-
els before final nodes (maximum depth), and required
final nodes to have a minimum of 10 baobabs.

All analyses were run using RStudio (RStudio
1.3.1073, https://www.rstudio.com/) with R version
3.6.1, and party (Hothorn et al. 2006a), specifically
using the function cforest (Hothorn et al. 2006b;
Strobl et al. 2007, 2008) to construct conditional
inference forests with parameters in the above para-
graph and to determine relative variable importance
for each model. Relative variable importance is a
count of the times each independent variable was
used in splits for each tree within a forest. The pack-
age partykit (Hothorn and Zeileis 2015) was used to
visualize individual conditional inference trees com-
prising the forests to assess the direction of influence
for land-use types. Confusion matrices from caret
(Kuhn et al. 2019) were used to assess accuracy and
agreement of conditional inference forest models and
function hetcor from polycor (Fox 2019) was used to
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determine the relationship between independent vari-
ables and response variables.

Results

A total of 741 baobabs were georeferenced within the
study area. Of those, 301 baobabs produced at least 1
fruit (range of fruit per baobab: 1-1293). Descriptive
statistics for all buffer distance datasets are included
in Table 1, including the number of baobabs retained
(i.e., those baobabs with 99.9% of the buffer within
the bounds of the study area). The buffer-distances
are representative of different scales tested in the
study. In addition, we georeferenced 211 fig trees and
72 pawpaw trees.

We captured one individual each of two bat spe-
cies known to visit baobab trees. One adult female
Epomophorus wahlbergi was caught at the water dam
near a mango grove (01.02125° N 038.32526° E), in
a mist-net set. Species identification was determined
by the presence of a single post-dental ridge where
other Epomophorus species have two (Patterson
and Webala 2012). The second Pteropodid captured
was an adult male Rousettus aegyptiacus, caught in
a canopy net set in a fly-way between mango trees
(01.02769° N, 038.32901° E). In addition to mist-
net captures, we were alerted by a landowner of fruit
bats roosting in the bush on his land. Based on pel-
age (fur), specifically the tufts of white fur by ears,
we determined them to be an Epomophorus species
(Fig. 1E).

From the CIFs modeling presence or absence of
fruit, significant models were obtained at buffer dis-
tances from 50 to 450-m. For these buffers, accu-
racy of the models was significantly better than the
no-information rate (Table 2) and ranged from 0.645
(64.5%) to 0.701 (70.1%). The Kappa statistics,
used as a measure of agreement between the model
and predicted values, for significant models ranged
between 0.298 and 0.407 (Table 2). GBH, total height
of the baobab, and distance to nearest pawpaw tree
were the most used variables in CIFs when com-
pared to other variables. In all buffer-distance mod-
els, GBH was always the most important variable in
determining the presence/absence of fruit on baobabs
fruited (Fig. 3). The second-most important variable
switches between total height and distance to nearest
pawpaw depending on the buffer distance (Fig. 3A).
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Total height has a positive relationship with fruiting,
whereby fruiting baobabs are taller trees and non-
fruiting baobabs are shorter trees. Distance to nearest
pawpaw has a negative relationship across all buff-
ers, suggesting that the closer a baobab is to a paw-
paw tree, the more likely the baobab is to produce
fruit. Distance to nearest pawpaw appears to follow
a negative quadratic formula when plotted across sig-
nificant buffer-distance models (Fig. 3B). The den-
sity metrics (number of baobab, fig or pawpaw trees
within a buffer) had very low relative importance in
the models of fruit presence or absence. The relative
importance metrics across all buffer-distance models
for determining presence or absence of fruits are pro-
vided in Fig. S1.

Significant models for the fruit production cat-
egories of baobabs were reported at buffer dis-
tances 50-m through 400-m and the 550-m mod-
els (Table 3, Fig. 4). The few fruit category ranged
from 1 to 109 fruit, dependent on buffer distance,
while the many fruit category ranged from 88.6 to
1293 fruit (Table 3). Accuracies for these buffer dis-
tances ranged from 0.587 (58.7%) to 0.703 (70.3%)
and Kappa statistics estimating agreement between
models and predicted variables ranged from 0.173
and 0.407 (Table 3). Across all significant buffer dis-
tances, land use is the most important variable deter-
mining fruit production category, generally followed
by total height of the baobab (Fig. 4A). Total height
consistently had a positive relationship with total
number of fruit, so that taller baobabs are likely to
produce more fruit (Fig. 4B). Land-use is a categori-
cal variable, so we used the first 10 conditional infer-
ence trees of the forest for 200-m, 250-m, and 300-m
buffer-distance models (where land-use importance
was highest; Fig. 4A) to determine the relationship
between land-use categories and fruit production
category. Most fruit production is associated with
cleared, farm, and road land-uses and less fruit pro-
duction more associated with bush, rocky, and school
land-uses (Fig. 5).

Foraging resources showed fewer contributions to
the overall models but did exhibit scale-dependent
influence on reproductive success of those trees that
fruited. Although the relationship between distance to
the next-nearest baobab and total number of fruit con-
tributed little to the overall models, the nature of the
relationship changed with buffer distance. From 50 to
250 m, there was a positive relationship between

@ Springer

nearest neighbor distance and fruit production, but
from 300 to 550 m the relationship was negative.
Number of pawpaw within the buffer distance also
exhibited a scale-dependent relationship with fruit
category, but only at the 550-m buffer appears to con-
tribute importance to the model. The density of figs
exhibited a negative relationship with fruit category
from 150 through 400 m and a positive relationship at
550 m (but with a near-zero relative importance con-
tribution to the model). To summarize, at the 550-m
buffer distance, number of pawpaw within 550 m of
baobab, distance to water, and GBH are as important
as total height (Fig. 4A). Relative variable importance
for all buffer distances for the fruit production CIFs
are in Fig. S2.

Discussion

We sought to determine the relative contribution of
individual tree characteristics and landscape context
to reproductive success in baobab trees and evalu-
ate whether contributions were scale dependent.
We found that individual characteristics, specifi-
cally GBH and sometimes height, were the primary
determinants of whether a tree produced fruit or not.
Among trees that produced fruit, land-use type was
the most important factor determining whether bao-
babs produced few or many fruit. Trees in human-
modified land uses, especially farmland, tended to
produce many fruit while baobabs in the less modi-
fied bush land use produced few fruit. Other param-
eters contributed to our models to a lesser, but often
scale-dependent, extent. None of our models were
significant at buffers beyond 500-600 m, suggesting
the extent of landscape influence in this system.

Our findings suggest a maturity threshold for fruit
production, below which trees do not produce fruit.
Above threshold, size continues to influence produc-
tion, but other factors, notably proximity to pawpaw
trees, can mediate the relationships. Our findings
agree with Venter and Witkowski (2011) where adult
baobabs produce significantly more fruit than sub-
adult baobabs and age classes are based on size of the
baobab.

Although land-use type was the primary determi-
nant of whether baobabs produced few or many fruit,
reproductive success was further mediated by indi-
vidual characteristics (primarily height, sometimes
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Table 2 Metrics of conditional inference forests (CIF) for the presence or absence of fruit response variable

Buffer distance (m) Accuracy of CIF 95% confidence interval No-information p-value Kappa
model around accuracy Rate
50 0.645 0.605-0.684 0.560 <0.001 0.298
100 0.670 0.629-0.709 0.573 <0.001 0.347
150 0.679 0.638-0.719 0.587 <0.001 0.368
200 0.686 0.643-0.726 0.574 <0.001 0.379
250 0.668 0.637-0.724 0.573 <0.001 0.372
300 0.701 0.655-0.744 0.551 <0.001 0.407
350 0.674 0.624-0.72 0.503 <0.001 0.348
400 0.653 0.601-0.702 0.531 <0.001 0.298
450 0.682 0.628-0.733 0.570 <0.001 0.347
500 0.656 0.598-0.711 0.698 0.945 0.239
550 0.706 0.646-0.762 0.778 0.996 0.287
600 0.719 0.655-0.777 0.728 0.650 0.353
650 0.692 0.620-0.759 0.670 0.293 0.321
700 0.682 0.603-0.754 0.650 0.227 0.318
750 0.667 0.580-0.745 0.644 0.329 0.296
800 0.690 0.597-0.772 0.733 0.875 0.307
850 0.674 0.568-0.768 0.728 0.900 0.234
900 0.750 0.637-0.842 0.658 0.055 0.450
950 0.655 0.514-0.778 0.764 0.977 0.114
1000 0.659 0.494-0.799 0.927 1 —-0.130

Accuracy of each model, along with the 95% confidence interval surrounding that accuracy, ranges from zero (no accuracy) to one
(complete accuracy). No-information rate occurs when there is randomization between the independent variables and the response
variable. Significant p-values are given in bold and indicate buffer size models that have an accuracy that is significantly better than
the no-information rate. Kappa values indicate the amount of agreement between machine-based predictions of classification and
true classification from the dataset. A Kappa of zero (or negative) indicates poor agreement while a Kappa of one indicates complete

agreement

GBH), distance to nearest pawpaw, number of figs
within buffer, and distance to nearest baobab. Moreo-
ver, moderation by these secondary characteristics
was sometimes scale dependent. Proximity to, and
density of pawpaw trees generally had a positive
influence on reproductive success (so an attractant) at
buffer distances to 500 m, but a negative influence at
550 m (distractant). Fig trees appear to be distractants
to bats performing a pollinating duty—the closer a fig
tree, or the more figs surrounding a baobab, the fewer
fruit the baobab produced. Being nearer a conspecific
negatively influenced fruit production at small scales
(50-m through 300-m buffers), but was not relevant in
models at larger scales.

Our models address determinants of reproduc-
tive success in a single fruiting season, but baobabs
are long-lived trees. Work in South Africa suggests
that individual baobab trees are consistent in their

reproductive output across years, with some trees pro-
ducing few and others many fruits each year (Venter
and Witkowski 2011), although South African popu-
lations of baobabs are unusual in continental Africa
in that bats do not seem to act as pollinators (Taylor
et al. 2020), and the difference in fruiting appears to
be in part linked to flower morphology (Chetty et al.
2021). Further, floral volatiles indicate a shift away
from bat pollination to hawkmoth pollination (Karimi
et al. 2021). Future work could thus evaluate the
validity of our models across years, and might expand
to make and incorporate direct observations of pol-
linator visitation and frequency. Many of our predic-
tions were based on optimal foraging theory, so it is
important to consider monitoring pollinator move-
ment through telemetry or GPS to test new hypoth-
eses from this study (e.g., that pawpaw are attractants
or distractants depending on scale and that figs are

@ Springer
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Fig. 3 Relative importance of independent variables in the

the presence or absence of fruit while black dots indicate posi-
tive relationships. Models were only significant through to the

450-m buffer, relative importance of variables from the non-

significant fruit production capability (presence or absence of

fruit) models. Data are aggregated by: A buffer size, where

‘bb50’ is the model based on the 50-m buffer and the notation
is repeated for all buffers; and B variable. Grey dots indicate

significant models at greater distances are available in Fig. S2
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distractants). It would be beneficial to also consider
flower morphology, as these features are known to
differ among poor-producing and producing baobabs
(Chetty et al. 2021) and soil characteristics, as it is
known that increased composition of clay and crude
silt increases fruit production (Assogbadjo et al.
2005).

Plant reproductive success as a result of animal-
mediated pollination is known to be influenced by
a multitude of factors. Pollinators exist in complex
landscapes, so plants reliant on cross-pollination ser-
vices are affected by resources surrounding them.
Pollinators are also known to be influenced by

individual traits of the plant itself, so it is crucial to
consider both sets of factors when evaluating drivers
of reproductive success of plants. Moreover, pollina-
tor landscapes are constantly changing, and pollina-
tor declines worldwide leave the long-term survival
of plant species in jeopardy as some 85% of plant
species rely on pollinators, at least in some capacity
(Ollerton et al. 2011). Securing pollination services
requires integrative understanding through landscape,
behavioral, community, and pollination ecology
lenses (Betts et al. 2019).

Table 3 Metrics of conditional inference forests (CIF) for each buffer distance for the few and many fruit production response vari-

able
Buffer distance Accuracy  95% confidence No-infor- p-value Kappa Grouping for few fruit Grouping for many fruit
(m) of CIF interval around mation production (no. fruit) production (no. fruit)
model accuracy Rate
50 0.628 0.568-0.686 0.569 0.028 0.258  1-105 106-1293
100 0.635 0.573-0.695 0.561 0.009 0.272  1-105 106-1293
150 0.654 0.591-0.714 0.568 0.003 0.309 1-109 110-954
200 0.659 0.594-0.721 0.553 0.001 0319 1-106 107-954
250 0.703 0.636-0.764 0.541 0.000 0.407 1-109 110-954
300 0.662 0.590-0.728 0.537 0.000 0.323 1-108 109-954
350 0.607 0.529-0.682 0.500 0.003 0.214  1-105 106-892
400 0.587 0.504-0.666 0.507 0.030 0.173  1-105 106-892
450 0.592 0.503-0.678 0.523 0.067 0.185 1-106 107-892
500 0.620 0.522-0.712 0.546 0.073  0.241 1-108 109-892
550 0.628 0.517-0.730 0.523 0.033 0.256 1-88.5 88.6-843
600 0.525 0.410-0.638 0.525 0.545 0.050 1-71.5 71.6-843
650 0.591 0.463-0.711 0.515 0.134 0.182 1-71.5 71.6-843
700 0.574 0.441-0.700 0.525 0.261  0.148 1-96 97-843
750 0.509 0.371-0.647 0.582 0.890  0.021 1-68 69-812
800 0.422 0.277-0.579 0.511 0910 —-0.156 1-68 69-812
850 0.613 0.422-0.782 0.548 0296  0.228 1-64 65-812
900 0.333 0.165-0.540 0.519 0984 —-0.335 1-64 65-812
950 0.000 0-0.206 0.500 1 -1 1-90 91-812
1000 0.182 0.023-0.518 0.636 1 -0.678 1-105 106-812

Accuracy of each model, along with the 95% confidence interval surrounding that accuracy, ranges from zero (no accuracy) to one
(complete accuracy). No-information rate occurs when there is randomization between the independent variables and the response
variable. Significant p-values given in bold and indicate buffer size models that have an accuracy that is significantly better than the
no-information rate. Kappa values indicate the amount of agreement between machine-based predictions of classification and true
classification from the dataset. A Kappa of zero (or negative) indicates poor agreement while a Kappa of one indicates complete

agreement
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Fig. 4 Relative importance of all independent variables in the
significant fruit production categories (few or many fruit) mod-

while black dots indicate a positive relationship. Models were

els. Data are aggregated by: A buffer size, where ‘bb50’ is the

only significant through to the 550-m buffer, relative impor-

model based on the 50-m buffer, and the notation is repeated

tance of variables from the non-significant models at greater

distances are available in Fig. S2

for all buffers; and B variable. The 450-m and 500-m buff-

ered models are not significant, but are included as they fall
inside the range of significant buffers (asterisks mark signifi-
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Fig. 5 Frequency of land-use categories where conditional
inference forests (CIFs) determined splits between fruiting cat-
egories (few or many fruit). Contributions of frequency from
200-m model (n=10 CIFs) are light grey, 250-m model (n=10
CIFs) are dark grey, and 300-m model (n= 10 CIFs) are black
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