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Chapter 1: General Introduction



Effects of human activities on forest biodiversity

Human-driven activities constitute the most serious threat linked with the loss of Earth's biological
diversity (Forman & Collinge 1996, Bergman et al. 2004, Gibson et al. 2011). A recent global
assessment of the impacts of human disturbance on biodiversity by Gibson et al. (2011) suggests
that these threats are particularly high in tropical forest landscapes where both species diversity
and human pressures on natural environments are high. The rapid increase in human land-use
activities involving the conversion of tropical forests for agriculture and timber production (FAO
2006, Gibson et al. 2011) has not only considerably reduced the sizes of remaining forest, but also
disproportionally increased the size of human dominated matrix surrounding these forest patches
(Debinski & Holt 2000, Fahrig 2003). This leads to increased forest isolation and can undermine
the quality of forest habitats (Saunders et al. 1991, Wunderle 1997, Fischer & Lindenmayer 2007).
Moreover, these changes can alter the physical space where species grow and interact, and thus
trigger biological responses that may lead to the disruption of species composition (Montoya
2008). With the global human population predicted to grow even further in the next three decades,
it looks likely that these human driven threats on biodiversity will equally increase (Primack 2002)

and could adversely impact on key ecological processes such as seed dispersal.

The process of seed dispersal plays a pivotal role in the regeneration and restoration of
plant communities across forest ecosystems globally (Howe & Smallwood 1982). For instance, up
to 50 and 90% of fleshy fruiting plant species in temperate and tropical forest ecosystems,
respectively, depend on this process for the transportation of their propagules to suitable habitats
(Aizen et al. 2002, Herrera 2003). Several studies showed that both forest patch quality and matrix
habitat can modify single-pair seed dispersal interactions. However, these interactions have been
shown to be linked in complex networks of mutually dependent plants and frugivores species
(Fortuna & Bascompte 2006, Bascompte & Jordano 2007). Here, studies so far are scare. With
human activities increasingly likely to further isolate and reduce the sizes and quality of remaining
forest patches (Rosenberg et al. 1999), it is vital to study plant-frugivore interactions in a
community approach to better understand the effects of habitat modification on seed dispersal
processes. Further, the functional roles in terms of species contribution and traits should be

considered.



Plant-frugivore interactions in changing landscapes

Plant-frugivore mutualistic interactions form the physical template for seed dispersal and thus
forest regeneration (Bascompte & Jordano 2007). Recent studies have shown that these
interactions are often assembled in form of complex networks of interdependencies between
species of both plants and frugivores (Bascompte & Jordano 2007, Reid & Armesto 2011, Menke
et al. 2012). The pattern of interactions in the networks is highly heterogeneous, suggesting that a
large proportion of species have less and weak interactions, while a few are much more connected
than expected by chance (Fortuna & Bascompte 2006, Vazquez et al. 2009). This result in the
formation of a nested plant-frugivore community, where less connected species interacts with a
subset of the most connected species (Bascompte et al. 2003, Bascompte & Jordano 2007). These
community structures can have important implications for the stability of plant-frugivore
interactions especially in the face of human triggered habitat fragmentation (Fortuna & Bascompte
2006, Tylianakis et al. 2010a). However, not many studies have considered the effects of habitat

fragmentation on seed dispersal networks.

So far it is known that species react differently to habitat modification due to different
sensitivity to disturbances (Watson et al. 2005, Van Houtan et al. 2007). For instance, while some
species may be able to take advantage of new ‘habitats’ provided by intervening matrix, such as
farmland or scattered trees within farmland, others may not (Andren 1994). These changes in
forest landscapes can lead to the decline and loss of key dispersers which may alter the interaction
structure in mutualistic networks (Cordeiro & Howe 2003, Kirika et al. 2008). Thus, examining
complex plant-frugivore mutualistic networks can help to better understand the long-term effects
of anthropogenic impacts on the processes of seed dispersal (Bascompte & Jordano 2007). The
functional diversity of frugivores within these communities should also be considered as this
might save as a suitable indicator of network stability to habitat modification, than the network

structure per se.

The role of functional diversity in frugivore communities

Functional diversity defines the variety and significance of species traits that drives and sustains
the functioning of an ecosystem (Naeem et al. 2000, Tilman 2001, Cadotte et al. 2011). In the case

of frugivorous birds, functional diversity is determined by traits related to seed dispersal, such as



body mass, gape width and relative dietary dominance by fruit or feeding behavior (Fleming et al.
1993, Dennis & Westcott 2006). For example, larger frugivores may have the ability to consume
large proportions of fruit, retain them for much longer in their digestive tracts and transport them
over longer distances than smaller birds (Spiegel & Nathan 2007). Moreover, frugivores have
generally also been shown to have different degrees of frugivory, whereby some species will
almost entirely depend on fruit consumption for their nutritional supplements, while others may
have alternative food resources besides fruits (Carnicer et al. 2009, Schleuning et al. 2011). These
differing traits can influence the dynamics and stability of plant-frugivore interactions and thus the
process of seed dispersal especially in the face of habitat fragmentation (Cramer et al. 2007,

Spiegel & Nathan 2007).

Previous studies on the impacts of habitat fragmentation on ecological processes have focused
more on measures of species diversity that only include information on the presence and
abundance of species (e.g. Hector 1999, Gould & Walker 1999). However, a decrease or increase
in species richness may not always mean there will be corresponding changes in functional
diversity (Greenberg et al. 2000, Perfecto et al. 2004). Moreover, the influence of species richness
on ecosystem function has been shown to largely depend on the traits and niches filled by species
(Cadotte et al. 2011). In this case, the impact of habitat fragmentation and management practices
on ecological processes is likely to be stronger if it changes the functional diversity rather than
their species richness per se (Naeem et al. 2000, Cadotte et al. 2011). For example, while large
dispersers have been shown to have the capacity to transport large proportions of seeds over long
distances, their movements may be restricted by the magnitude of fragmentation (Peres 2000,
Cramer et al. 2007). This may particularly disadvantage larger seeded plants that depend on larger
dispersers for the transportation of their seeds (Moran et al. 2004, Cramer et al. 2007). Therefore,
understanding the consequences of habitat fragmentation on the functional diversity of frugivores
communities is paramount for the sustenance of seed dispersal processes (Cramer et al. 2007,
Schleicher et al. 2011). In this context, it is also important to assess the impact of fruit or seed

handling by various frugivorous species on germination

Effects of seed ingestion by frugivorous birds on germination success

The fruit handling behaviour of frugivorous birds plays a key role in determining their contribution

to the seed dispersal process (Jordano & Schupp 2000). Frugivores that can swallow whole fruits,



transport and defecate intact seeds in suitable habitats are often regarded as legitimate dispersers
(Jordano & Schupp 2000). Whether or not fruit consumption by birds translates into successful
seed dispersal is still a subject of much debate. Successful seed dispersal involves not only the
removal of fruit from a source plant and depositing the seed into suitable sites, but also the ability
of the deposited seeds to germinate and establish seedlings after passage through digestive tracts of
birds (Herrera & Jordano 1981, Schupp 1993). Evidence from previous studies show either neutral
(Howe & Vande Kerckhove 1981, Barnea et al 1992), positive (e.g. Clergeau 1992, Murray et al
1994) or negative (e.g. Valido & Nogalas 1994, Crossland & Vander Kloet 1996) effects of gut
treatment on the germination patterns of seeds from various plant species. The reasons for these
differing results are still not universally clear, but a few studies suggest that this could be
explained by differences in functional traits of various plants (e.g. fruit morphology) and
frugivorous species (Treveset 1998, Miller 1995, Jordano 2000). Therefore, taking these traits of
plants and frugivorous into account when studying germination patterns of ingested seed can help
to predict which frugivorous species contribute to the seed dispersal of which plant species. One
way of doing this can be to feed fruits from different plant species to different species of
frugivores (Schleicher et al. 2011). Understanding the abilities of different frugivore species within
seed dispersal communities to contribute to plant recruitment will help to predict the impacts of
fragmentation on forest regeneration, particular if habitat fragmentation affects the structure and

functional diversity of seed dispersal communities to which these frugivores belong.

Aims of the thesis

In this thesis I investigated plant-frugivore interactions in a highly modified landscape in and
around Vernon Crookes Nature Reserve (VCNR), located within KwaZulu Natal province, South
African. This region comprises clusters of remnant natural scarp forest patches surrounded by
dissimilar matrix habitats, notably, natural forest, natural grassland and commercial sugarcane
monocultures. Therefore, it was a suitable area for undertaking this study, as it allowed for
comparison of ecological processes between clusters of forest patches of different matrix habitats.
I compared (i) the structure of plant-frugivore interaction networks and (ii) functional diversity of
frugivore communities within these networks. Moreover, I experimentally tested the impact of
seed treatment in the digestive tracts of avian frugivorous to assess the importance of this specific

trait (of seed treatment) on germination of dispersed seeds.



This thesis comprises comprise three major chapters (2 - 4) which can be read
independently. Each chapter is structured like a journal publication containing an abstract,
introduction, followed by the methods, results, discussion and a conclusion. The thesis closes with

the general conclusions (chapter 5) derived from three major chapters (2 - 4).

The first major chapter (2) examines the consequences of forest patch quality and matrix
habitat on the structure and stability of plant-frugivore networks in the fragmented forest
landscapes VCNR. To do this, I identified all fleshy fruiting plant species across forest patches
surrounded by variable matrix habitats and assessed their interaction frequencies with avian
frugivore species. These data were arranged in quantitative interaction matrices to construct plant-
frugivore interaction networks. Different network parameters were used to compare the network

structures among forest patches.

The second major chapter (3) tests the effects of forest patch quality and matrix habitat on
functional diversity of frugivore communities. Using the same data set as in chapter 2, I recorded
the functional diversity of frugivore species and compiled these data in a species-trait matrix.
Then, I determined the effect of forest patch quality and matrix habitat on the species richness and

functional diversity of these frugivorous communities.

The third chapter (4) examines the potential of different avian frugivore species to
contribute to plant recruitment by testing the effects of their seed ingestion on germination. To do
this, fruits collected from sixteen woody plant species were fed to a subset of generalist avian
frugivores observed in seed dispersal networks and frugivore communities described in chapters 2
and 3. Defecated seeds were collected, planted and their germination responses in terms of (1) time
to first seedling emergency and (ii) germination probability were compared with the germination

responses of ripe manually depulped and whole fruits.
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Abstract

Plant-frugivore networks play a key role in the regeneration of sub-tropical forest ecosystems.
However, information about the impact of human-induced forest modification on seed-dispersal
networks is scarce. We investigated the importance of matrix habitat versus forest patch quality in
affecting structure and robustness of plant-frugivore networks within forest patches. We compared
networks across three forest types (natural forest, natural fragments and fragments in agricultural
fields) in a human-dominated forest landscape of South Africa. In total, 54 avian species were
involved in fruit removal on 31 fleshy-fruiting plant species. Species and network-level
specialisation did not vary with matrix habitat, but increased with increasing fruit abundance and
decreased with increasing fruiting plant richness and canopy cover within patches. Linkage density
and interaction diversity were unaffected by matrix habitat and fruit abundance, but increased with
increasing fruiting plant richness and canopy cover. These findings suggest that habitat quality of
forest patches is more important than the surrounding matrix in determining network robustness.
The susceptibility of plant-frugivore networks to land-use may therefore largely be driven by
changing forest patch quality. Conservation efforts should devise measures that promote the

quality of forest patches to ensure the long-term functionality of seed dispersal processes.
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Introduction

Increasing impact of human land-use changes the structure and composition of ecosystems across
the globe (Foley et al. 2005, Tylianakis et al. 2008). Forests are among the most threatened
ecosystems of the world with less than 50% still intact (FAO 2009). Large-scale destruction of
natural forests leads to forest fragmentation and increase the amount of surrounding matrix habitat.
Small-scale changes within remaining forest patches may alter the environmental conditions, e.g.
availability of fruit resources or vegetation structure (Saunders et al. 1991, Fischer & Lindenmayer
2007). These changes may influence diversity, processes and the overall functioning of forest

ecosystems (Myers et al. 2000, Foley et al. 2005).

The process of seed dispersal forms the template for recruitment of forests (Jordano &
Godoy 2002). It is particularly important in tropical and sub-tropical ecosystems as up to 90% of
fleshy-fruiting plant species rely upon animal vectors to transport their propagules (Howe &
Smallwood 1982). Dispersed seeds escape from the high density of competing siblings and from
natural enemies in the vicinity of the parent trees (Howe & Smallwood 1982). Moreover, seed
dispersal enables the colonization of vacant recruitment sites and directed dispersal to non-random

habitats suitable for establishment (Howe & Smallwood 1982).

A number of studies have shown that forest destruction and degradation lead to changes in
community composition and ecological processes like seed dispersal (Cordeiro & Howe 2003,
Farwig et al. 2006). Most of these studies investigated the impact of human activities on one-to-
one interactions with contrasting results (Cordeiro & Howe 2003, Farwig et al. 2006). For
instance, (Cordeiro & Howe 2003) showed reduced frugivore numbers and seed dispersal of a
tropical tree as a consequence of anthropogenic fragmentation of a rainforest in Tanzania. In
contrast, frugivores and seed dispersal of the tree species Prunus africana were positively affected
by human disturbance in a Kenyan forest (Farwig et al. 2006). The high variability in the results
reveals the difficulty of using model systems for predicting consequences of human impact on
ecological processes. Thus, community-wide studies can contribute to a better understanding of

mutualistic plant-animal interactions in the face of land-use changes.

Recently, the analyses of complex mutualistic interaction networks have gained in
importance (Rezende et al. 2007, Bliithgen 2010). These community-wide studies consider both
occurrence and frequency of interactions between all species pairs within a community (Tylianakis
et al. 2008, Bascompte 2009). The structure of interaction networks can be used to analyze the
stability and thus response of mutualistic relationships to land-use change. For instance, seed
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disperser networks are in general less specialised, and thus more functionally redundant, than
pollinator networks (Bliithgen et al. 2007). High functional redundancy may contribute to the
persistence of networks, even if some interactions disappear (Jordano 1987, Bascompte & Jordano
2007), and may thus lead to a higher robustness towards land-use changes. Moreover, parameters
such as interaction diversity and linkage density can be used to describe the heterogeneity of
interaction frequencies or relative quantitative abundances of different species in the network
(Vazquez et al. 2005, Bliithgen et al. 2008). Thus, they can be used as yardsticks for highlighting
the ecological complexity of associations within mutualistic networks and their response to land-
use change (Bliithgen et al. 2007, 2008). However, until now, the impact of land-use changes on

entire plant-frugivore networks has rarely been studied (Reid & Armesto 2011).

When analyzing the robustness of seed dispersal networks in modified forest ecosystems,
both the environmental conditions and quality of the remaining natural habitat as well as the
surrounding matrix need to be considered (Wethered & Lawes 2003, Franklin & Lindenmayer
2009). Resource availability may influence the frequency of interactions in networks if frugivores
change their feeding behavior (Vazquez et al. 2009, Carnicer et al. 2009). Depending on structure
and permeability, surrounding matrices may complement natural habitat, i.e. by facilitating animal
movement among habitat remnants, or function as ecological barriers constraining plant-animal
interactions (Tewksbury et al. 2002). If barrier effects are strong and habitat quality of remaining
forest patches is low, seed dispersal in forest remnants may rely on a depleted community, leading

to lower robustness of networks towards habitat modification.

Here, we present a study on the effects of surrounding matrix habitat and forest patch
quality on plant-frugivore interaction networks in a human-dominated sub-tropical forest
landscape of South Africa. We compared the structure and specialisation of plant-frugivore
interaction networks in forest patches with three different matrix habitats: large natural forest,
natural forest fragments surrounded by natural grassland and remnant forest fragments embedded
in agricultural fields. We further assessed the influence of habitat quality within forest patches in
terms of e.g. resource availability and vegetation structure on these networks. We hypothesized
that (1) a decrease in matrix quality negatively affects the redundancy as well as the diversity and
density of interactions of seed dispersal networks due to a loss of interacting species within forest
patches. Further, we expected (2) local habitat quality of forest patches to positively influence

plant-frugivore interactions, as enhanced habitat quality comprises favorable conditions, i.e. in
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terms of resources availability, fruiting plant species diversity and vegetation structure (e.g.

(Clough et al. 2009).

Material and Methods

Study site and design

We conducted this study over two successive years, 2009/10 and 2010/11 in a heterogeneous scarp
forest landscape in and around Vernon Crookes Nature Reserve (VCNR) situated on the south
coast of South Africa’s KwaZulu Natal Province (150 — 610 m a.s.1., 30°16" S, 30°35" E). Monthly
rainfall in the area ranges from 1-148 mm and annual temperature from 6-31°C (von Maltitz
2003). Covering an area of about 2,189 ha, VCNR is mainly a combination of hilly grasslands
with wooded valleys. It is surrounded a matrix of commercial sugarcane monocultures and timber
plantations, within which a series of remnant natural scarp forest patches exist. Fruiting by fleshy-
fruiting plants occurs almost all year round, although the main fruiting season ranged from

November to April, during the main rainfall season (Boon 2010).

We worked in forest patches characterized by three different matrix habitats that are
representative for the area: 1) large natural forest (NatFor), representing the largest protected
natural scarp forest with 130 ha, predominantly surrounded by forest and partly by a matrix of
natural grassland within VCNR; 2) natural forest fragments (NatFra; mean area = 5.82 ha + 1.8
SD) within VCNR, occurring naturally due to microclimatic and terrain conditions and being
completely surrounded by natural grassland; 3) remnant forest fragments (AgrFra; mean area =
4.85 ha £ 0.5 SD) embedded in a matrix of sugar cane fields at the border of VCNR. Despite the
dissimilarities in matrices surrounding these three forest patches, they all harbour similar
communities of plants and birds and occur within the same natural geographic range of scarp

forests (Mucina & Rutherford 2006, Neuschulz et al. 2011).

We established nine (200 m % 200 m) study sites, i.e. three replicates per forest patch. The
distance between study sites ranged from 0.53 to 1.06 km (mean = 0.80 = 0.3 km SD). Given the
likelihood of strong edge effects in forest patches compared to the large natural forest (Harrison &

Bruna 1999), we situated all sites at forest gaps or edges.
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Measuring local forest patch quality

We measured local forest patch quality by assessing three habitat characteristics, namely fruit
abundance, fruiting plant species richness and canopy cover in each study site. We calculated fruit
abundance (at the onset of fruit ripening) by estimating the number of fruits for each plant
monitored and any other fleshy-fruiting plants within a radius of 50 m. We then calculated the
mean fruit abundance for each study site, which ranged from 11,000 to 66,000 (mean = 45,000 +
28,000 SD) over the two years. To determine fruiting plant species richness, we identified all
fleshy fruiting woody plants in each site to species level. Overall, fruiting plant species richness
ranged from 9 to 15 (mean = 12 £ 3 SD) across study sites. We estimated canopy cover standing in
the centre of four (50 X 50 m) quadrates in each site and calculated the mean per site. Canopy

cover ranged from 64 to 92 % (mean = 84 + 14 % SD) across study sites.

Assessment of plant-frugivore interactions

We observed all fleshy fruiting plant species in each study site to assess interactions with
frugivorous birds. Observations were undertaken during the main fruiting seasons in 2009/10 and
2010/11. Due to low abundance of plant species, coupled with a lack of fruits on some individuals,
only one individual of each plant species was monitored in each site. We observed each plant for a
total of 18 h, ideally split into 9 h per year. In cases where we could not achieve 9 h in the first
fruiting year, we increased the number of observation hours in the second fruiting year to attain the
standard total of 18 h per plant. We split the observations into three monitoring sessions, namely
early morning (06:00 am — 09:00 am), mid-morning (09:00 am to 12:00 am) and afternoon (2:00
pm — 5:00 pm), conducted at three different days during the main fruiting period of each plant
species in each year. Observations of species were evenly spread across the three sessions. Using
binoculars (Luger DA 10X42, K6ln, Germany) observations were carried out from a camouflaged
hide at ca. 20 m distance to the plant individual. All plant visiting birds and their fruit handling
behaviour on the plant were recorded. If more than one feeding bird was present on the plant (<0.5
% of observations), one randomly chosen individual was selected for which fruit consumption was

observed.
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Network analysis

We compiled interaction frequencies of each plant species (p) with each frugivore species (f) in a
quantitative interaction matrix, whereby interaction frequency was defined as the number of fruit-
eating individuals per plant species (Vazquez et al. 2005). Thus, only species that fed on fruits
(potential dispersers) were included in the analyses. Using the number of feeding visits to calculate
the interaction frequencies between plants and frugivores allowed for comparison with other
studies (Vazquez et al. 2005, Schleuning et al. 2011). We constructed interaction networks for
each study site and calculated different network parameters at both the species and network level,
which we used as response variables in our analyses. At the species level, we calculated
specialisation as the standardized Kullback-Leibler distance (d') of each plant (d’,) and each
frugivore (d's) species and calculated a weighted mean of the index per site for both plants and
frugivores (Bliithgen et al. 2006). At the network level, we calculated H.', as the standardized two-
dimensional Shannon entropy (Bliithgen et al. 2006). Both d' and H,' range between 0 and 1, for
complete generalisation and complete specialisation, respectively (Bliithgen et al. 2006). A
quantitative weighted version of linkage density, i.e. the mean number of interactions per species,
was also calculated for each network following (Tylianakis et al. 2007). Finally, the diversity of all
interactions in a network was computed with the help of the Shannon-diversity index. All network
analyses were conducted with the bipartite package (version 1.13; (Dormann et al. 2008)) in R
(version 2.12.0; R Development Core Team). To test if annual variations affected the structure of
our plant-frugivore interaction networks, we constructed separate interaction networks per study
site for each of the two years. As observation hours were unevenly distributed between the two
years on some plant species, we used a subset of species for which we had at least 6 h of
observation per year. For species where more than 6 h of observations were available for each
year, we equally sampled a 6 h-subset of the dataset from the three observation sessions. With the
help of this sub-dataset, we analysed the differences in the above-mentioned network parameters
between the two years. As year did not have an effect in any of the analyses, we pooled the data
set across the two years and used 18 h of frugivore observation for each plant species in each

forest patch. Henceforth, all analyses were based on this pooled data set.

Statistical analysis

All measures of habitat quality, i.e. fruit abundance, fruiting plant species richness and canopy

cover were uncorrelated (all p-values > 0.462). We used matrix habitat of the three forest patches
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(NatFor, NatFra, AgrFra) as well as fruit abundance, fruiting plant species richness and canopy
cover as explanatory variables to examine their effect on network parameters, i.e. the mean
specialisation of plants (d',) and frugivores (d'y), complementary specialisation (/,'), linkage
density and interaction diversity in separate analyses of covariance (ANCOVA). We used type 111
sums of squares as no specific order of independent variables in affecting dependent variables
could be assumed and simplified our models by stepwisely deleting non-significant variables to
construct minimum adequate models. Model selection was done with the help of Akaike’s
information criterion (AIC). We used Tukey’s HSD to establish pair-wise differences between

study sites. All statistical analyses were performed in R.

Results

Across the nine study sites, we monitored a total of 31 fruiting plant species. During 1,854
observation hours we recorded a total of 54 frugivorous bird species and 8,145 frugivore visitors
involved in fruit removal activities on the focal plants. Plants that had most interactions with
frugivores included the Common Wild Fig (Ficus burkei), Forest Knobwood (Zanthoxylum davyi)
and Red-beech (Protorhus longifolia; Appendix a). Frugivores with most interactions on plants
included the Dark-capped Bulbul (Pycnonotus tricolor), Cape White-eye (Zosterops virens) and
Knysna Turaco (Tauraco corythaix; Appendix a). Plant species richness was 11 £ 1 (mean + 1 SD
if not otherwise noted) in AgrFra, 12 £ 3 in NatFra, 12 + 3 in NatFor and did not differ
significantly between matrix habitats (F»s= 0.13; p = 0.881, * = 0.04). Avian frugivore species
visiting fruiting plants were 22 + 4 in AgrFra, 23 + 4 in NatFor, 28 + 4 in NatFra and did also not
differ significantly between matrix habitats (F,s= 1.55; p = 0.286, r° = 0.34).

Specialisation of plants and frugivores

The mean weighted specialisation of plants on frugivores (d’,) was 0.35 + 0.03 in AgrFra, 0.38 +
0.04 in NatFor, 0.44 + 0.07 in NatFra and did not differ between matrix habitats (Table 1; Fig. 1a).
The specialisation of frugivores on plants (d's) was 0.33 = 0.01 in AgrFra, 0.33 + 0.02 in NatFor ,
0.37 + 0.04 in NatFra and did also not differ between matrix habitats (Table 1; Fig. 1a). Both plant
and frugivore specialisation increased with increasing fruit abundance (Table 1; Fig. 2a), but
decreased with increasing fruiting plant species richness (Table 1, Fig. 2b) and canopy cover

(Table 1, Fig. 2c¢).
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Table 1. ANCOVA models highlighting effects of fruit abundance, fruiting plant species richness, canopy cover (%) and matrix habitat on
plant specialisation (d'p), frugivore specialisation (d'f), network specialisation (H2'), linkage density and interaction diversity of plant-
frugivore networks (n = 9). Models were simplified using type IIl sums of squares and single term deletion to construct the minimum adequate
models. Given are df, R2, F and P values for the final models and for each parameter in the final model. Note: all significant P values are
highlighted in bold.

Plant specialization (d’) Frugivore specialization (d7)  Network specialization (H2) Linkage density (LD) Interaction diversity (ID)
a R* F P a R* F P df R* F P a R* F P daf R?* F P

Final model 3,5 079 646 0.036 3,5 092 2032 0003 35 096 4269 <0.001 44 087 655 0.048 44 085 550 0.064
Fruit abundance 1 - 643 0.052 1 - 1144 0.020 1 - 1763  0.008 - - - - - -

Fruiting plant species 1 - 519 0.072 1 - 13.98 0.013 1 - 8868 <0.001 1 - 1371 0.021 1 - 743 0.056
richness

Canopy cover 1 - 420 0.096 1 - 2219 0.005 1 - 13.86  0.014 1 - 6.93 0.058 1 - 740 0.053
Matrix habitat - - - - - - - - - - - - 2 - 170 0292 2 - 368 0.124
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Fig.1. Least square means * standard errors (controlling for all other variables in the model, see
table 1) of species and network parameters across matrix habitats; (a) specialisation of plants on
frugivores (d'p) and of frugivores on plants (d'f), (b) network level specialisation (H2'), (c) linkage
density and (d) interaction diversity (n = 9). NatFor = large natural forest, NatFra = natural
forest fragments, AgrFra = remnant forest fragments embedded within an agricultural matrix; for
calculation of network parameters, see methods.

Network specialisation (H,'), linkage density and interaction diversity

Overall, the mean network complementary specialisation (H>") was 0.42 + 0.02 in AgrFra, 0.43 +
0.08 in NatFor, 0.46 + 0.06 in NatFra and remained similar across matrix habitats (Table 1; Fig.
1b). The mean linkage density was 4.21 + 0.15 in AgrFra, 4.40 £ 0.72 in NatFra, 4.46 = 0.60 in
NatFor and did not differ between matrix habitats (Tablel; Fig. 1¢). The mean interaction diversity
was 3.42 + 0.17 in AgrFra, 3.60 + 0.24 in NatFor, 3.61 + 0.27 in NatFra and did also not differ
between matrix habitats (Table 1, Fig. 1d). Network specialisation (H,') increased with increasing
fruit abundance (Table 1; Fig. 2a), and decreased with increasing fruiting plant species richness

(Table 1, Fig. 2b) and canopy cover (Table 1, Fig. 2¢). Both linkage density and interaction
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diversity were unaffected by fruit abundance (Table 1, Fig. 2d), but increased with increasing

fruiting plant species richness and canopy cover (Table 1, Fig. 2e and f).
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Fig.2. Species and network specialisation (d'p , d'f and H2') in relation to (a) fruit abundance, (b)
fruiting plant species richness and (c) canopy cover (%), as well as linkage density (LD) and
interaction diversity (ID) in relation to (d) fruit abundance, (e) fruiting plant species richness and
(f) canopy cover (%), for plant-frugivore networks (n = 9; for calculation of network parameters,
see methods). Shown are residual plots controlling for all other variables in the model (see Table

0.

Discussion

Our study shows that networks across all three forest types were similarly characterized by low
specialisation in the plant-frugivore interactions. Generally, network structure was not influenced
by matrix habitat, while forest patch quality strongly affected network structure. High fruit
abundance led to higher specialisation, while increasing fruiting plant species richness and canopy

cover reduced network specialisation, but increased linkage density and interaction diversity

23



across study sites. These findings suggest that the structure of plant-frugivore interaction networks

is rather driven by local forest patch quality than by surrounding matrix habitat.

Comparison with other mutualistic networks

Overall, network specialisation was comparable, albeit slightly higher than in other plant-bird
(Schleuning et al. 2011) and indeed many plant-bat (Mello et al. 2011) networks. Thus, our results
are consistent with previous research suggesting low specialisation in plant-disperser networks as
compared with pollination networks (Jordano 1987, Bliithgen et al. 2007). A lower specialisation
in seed dispersal than in pollination networks may largely be explained by differences in
phenotypic matching between interacting species (Bliithgen et al. 2007, 2008). Whereas fleshy
fruits are largely exposed to attract a broad spectrum of dispersers, the morphological attributes of
flowers may act as barriers to some pollinators (Vazquez et al. 2009). This implies that trait
matching is rather absent, consequently leading to high generalisation in seed dispersal networks

(Vazquez & Aizen 2006, Bliithgen et al. 2008).

Low specialisation in seed dispersal networks is generally expected in subtropical and
tropical ecosystems (Schleuning et al. 2011). A recent study of plant-frugivore networks in a
temperate region (Albrecht et al., unpublished data) found a slightly higher specialisation (0.6)
than in subtropical/tropical regions (see also (Schleuning et al. 2011)). Frugivores in the
temperates are less dependent on fruit consumption than tropical birds as fruits are available only
during a limited time span (Jordano 2000). Thus, a higher specialisation of seed disperser
networks in temperate regions might be caused by selective fruit foraging of birds to complete
their diet. In contrast, year-round fruit availability and diversity and dependence of frugivores on
these fruits are both high in tropical ecosystems (Jordano 2000). Thus frugivores forage in a more

generalist way, leading to the lower network specialisation observed here.

Matrix habitat and plant-frugivore networks

In contrast to our hypothesis, network specialisation, linkage density and interaction diversity
remained similar across forest patches, suggesting that the surrounding matrix has no major
influence on the structure and robustness of complex plant-frugivore interactions. On the one
hand, this agrees with previous research suggesting that frugivores are highly flexible and mobile
species and can cross unsuitable matrix habitat when foraging (Berens et al. 2008, Neuschulz et al.

2011) to track fruits over long distances in response to spatiotemporal availability (Saracco et al.
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2004). Hence, the matrix habitat may not necessarily limit the accessibility of forest remnants by
frugivorous birds, resulting in comparable seed dispersal networks in different forest patches. On
the other hand, the similarity in specialisation and interaction diversity across study sites is also
consistent with previous studies suggesting that bird diversity of forest patches may be comparable
with that of natural forests (Neuschulz et al. 2011). Forest patches within agricultural landscapes
could act as “magnets” for attracting high densities of foraging frugivores primarily due to an
unsuitable surrounding matrix (Farwig et al. 2006, Neuschulz et al. 2011). Consequently, this
stresses the importance of these forest remnants in the agricultural landscape for biodiversity
conservation. The absence of matrix effects per se in our study highlights that it is mostly the
quality of these local forest patches that determines the plant-frugivore interactions, notably fruit

availability, fruiting plant richness and canopy cover.

Fruit abundance and network structure

The increase in fruit abundance resulted in an increase in specialisation at both network and
species level. This implies that higher availability of fruits within a forest patch leads to higher
specialisation of frugivores on plants and vice versa, thus suggesting contrasting effects on the two
trophic levels within the network. From the plants’ perspective, high specialisation may limit
interactions with a broad spectrum of dispersers, thereby increasing their dependency on single or
few dispersers that may either be effective or non-effective, e.g. based on their foraging capacity,
efficiency (e.g. fruit handling behavior) and dispersal distances (Kankam & Oduro 2011). From
the frugivore perspective, this may denote their highly flexible foraging behavioral changes in the
event of high fruit availability across and within forest patches (Loiselle & Blake 1990, Saracco et
al. 2004). High resource availability reduces both the average foraging time as well as the distance
covered to move between fruiting plants (Khamcha et al. 2012). Moreover, this may also reduce
competition for scarce resources (Bliithgen et al. 2007), allowing frugivores to access specific fruit
types with less handling and search effort or energy loss (Bliithgen et al. 2007), thereby increasing
specialisation. In contrast, lower resource availability increases generalisation due to high search
effort, as confirmed by the negative effect of fruiting plant species richness on specialisation (see
also (MacArthur & Pianka 1966)). Thus, a higher specialisation with increasing fruit abundance is
likely to be less beneficial for plants than frugivores (Kessler-Rios & Kattan 2012) in the context
of seed dispersal. Nonetheless, fruit abundance neither affected linkage density nor interaction
diversity at the network level, suggesting that complexity and stability of networks are
independent of overall resource availability.
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Fruiting plant species richness, canopy cover and network structure

Specialisation at both species and network levels decreased, while linkage density and interaction
diversity increased with increasing fruiting plant species richness and canopy cover. While our
forest patches are surrounded by different matrix habitats, they were all characterized by
comparable structural complexity, i.e. in terms of fruiting plant species richness and canopy cover.
Thus, the two variables of habitat quality are largely responsible for explaining the similarly

generalised network structures across the patches.

Specifically, the decrease in frugivore specialisation with increasing richness of fruiting
plants underpins our idea that frugivores follow and optimize their foraging depending on fruit
diversity (see above). Higher fruiting plant species richness allows for higher generalisation of
frugivores. The increase in network complexity (i.e. linkage density, interaction diversity)
particularly with increasing fruiting plant species richness denotes that high diversity of food
resources promotes network stability. This is consistent with other studies showing that habitat
quality is important for conservation of plant-disperser interactions (Estrada & Coates-Estrada
1996, Anzures-Dadda & Manson 2007). Under such conditions, plants would profit from a broad
spectrum of seed dispersers and consequently reduce seed aggregation. This may potentially aid
the recruitment of their offspring in diverse communities. Decreasing specialisation with
increasing canopy cover is congruent with results from the study of (Schleuning et al. 2011)
suggesting that canopy plants contribute more to overall fruit crop. A higher canopy cover thus
provides higher fruit crop and consequently attracts a broad spectrum of frugivores that forage on
different canopy tree species with fleshy fruits. Both fruiting plant species richness and canopy
cover are among the key characteristics underpinning habitat structural complexity (Schmidt &
Rypstra 2010). Thus, structurally complex habitats offer more niches for a more complex seed
disperser community, resulting in highly stable and complex network structures, which are robust

and thus less vulnerable to further habitat modification.

Conclusion

Our study shows that networks across local forest patches were all characterized by high
redundancy in the associations between plants and frugivores, suggesting a stable coexistence of

species in the plant-frugivore communities. Thus, secondary extinctions of mutualists, due to
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resource losses are less likely in these networks (Estrada 2007, Bliithgen et al. 2008), as species
have numerous reassembly pathways (Law & Blackford 1992). Such stability in networks was
largely enhanced by habitat quality of local forest patches and remained unaffected by the
surrounding matrix habitat. This suggests that complex networks may be resilient to matrix effects
in heterogeneous fragmented forest landscapes if their mutualistic interactions involve highly
flexible and mobile partners and if a sufficient quality of remaining forest patches is given. These
results highlight that remnant forest patches embedded in a heterogeneous agricultural matrix are
important in safeguarding and sustaining key ecological processes, as they provide alternative
habitats outside protected sites and may connect nature reserves. Thus, we encourage conservation
efforts to promote management strategies that will maintain habitat quality, especially structural
complexity and abundance of fruit resources, in remaining forest patches. Moreover, future studies
should also endeavor to establish how such complex interactions between plants and frugivores

translate into effective seed dispersal and forest regeneration.
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Abstract

The potential impact of forest modification on the ecosystem function of seed dispersal largely
depends on associated changes in functional diversity of frugivore communities. However,
knowledge on the functional composition of seed disperser communities in differently modified
forest types is still scarce. In a heterogeneous forest landscape in South Africa, we investigated the
impact of forest modification and habitat quality on species richness and on different measures of
functional diversity of a frugivore community within plant-seed disperser networks. Our results
showed that shifts in the functional composition of frugivore communities were rather determined
by habitat quality than by modification of forest patches. The mean body mass of frugivore
communities increased with increasing canopy cover. Gape width was negatively affected by fruit
abundance and varied among forest types. Moreover, functional dispersion, i.e. niche
differentiation, increased with increasing fruiting plant species richness and was highest in
modified forest patches. Overall, canopy cover seems to be the most important determinant of
functional diversity, as it positively influenced species richness, functional richness and functional
dispersion, thereby increasing both the functional richness and the specialization of frugivores in
sites with high canopy cover. To conclude, the strong influence of habitat quality on functional
diversity of frugivore communities suggests that managing habitat quality of remaining forest
patches may be a promising approach for the conservation of seed dispersal, regeneration

processes and ecosystem functionality in the long-term.
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Introduction

Forest modification and fragmentation are the main threats to forests in tropical and subtropical
ecosystems (Laurance et al. 2001, Morris 2010). Matrices surrounding forest fragments pose
barriers for a large number of species (Martensen et al. 2008). Moreover, remaining forest patches
may show an altered habitat structure with poor quality in terms of vegetation structure or resource
abundance (Saunders et al. 1991, Fischer & Lindenmayer 2007). This may lead to a loss of

biodiversity, which may in turn imperil the functioning of these ecosystems.

Studies on the consequences of biodiversity loss for the functioning of degraded
ecosystems have gained importance over the last years (Loreau et al. 2001, Sekercioglu et al.
2004, 2006, 2007). Thereby, the relationship between biodiversity and ecosystem function rather
depends on the spectrum of functional roles of species than on species identity (Diaz & Cabido
2001, Petchey & Gaston 2006). As different species may provide the same function, studying
species loss alone does not allow for drawing conclusions about ecosystem function (Cumming &
Child 2009). Thus, reduced or increased species richness does not necessarily mean there will be
parallel changes in functional diversity (Greenberg et al. 2000, Perfecto et al. 2004). On the other
hand, non-existent effects of habitat degradation on species richness may mask existing changes in
the functional diversity of communities. This may be the case when functional redundancy within
a community is low, i.e. when species are complementary in their functional roles. Thus, to assure
the long-term conservation of ecosystems exposed to degradation, it is not only important to

understand effects on species richness, but also on functional diversity within these habitats.

Several studies could show that forest fragmentation and degradation lead to changes in
species richness and the community composition of bird species (e.g. Moran, Catterall, &
Kanowski 2009, Neuschulz, Botzat, & Farwig 2011). The functional composition of bird
communities may be altered in modified forests as both land-use intensity in the surrounding and
habitat quality of remaining forest patches may act as environmental filters (Tscharntke et al.
2008, Guerrero et al. 2011). Matrix habitats surrounding forests influence the movement of
individuals among these patches (Kennedy et al. 2010). Large-bodied species, for example, are
able to cross open areas more easily than less mobile species (Luck & Daily 2003, Spiegel &
Nathan 2007). Further, high within-patch habitat quality, e.g. in terms of a high abundance of
resources and high structural diversity, may facilitate the persistence of diverse bird communities
even within small forest fragments (e.g. Anzures-Dadda & Manson, 2007, Garcia, Zamora, &

Amico, 2010).
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Seed dispersing birds play an important functional role in tropical and subtropical forests,
as they lay the template for regeneration for > 90 % of plant species in these ecosystems (Howe &
Smallwood 1982, Willson et al. 1989, Farwig & Berens 2012). Bird species differ in their
disperser effectiveness depending on certain functional traits that determine their resource use, €.g.
body size or degree of frugivory (Fleming et al. 1993, Dennis & Westcott 2006). Highly mobile
large-bodied birds have a longer gut retention time and can transport seeds over longer distances
than small birds (Spiegel & Nathan 2007). Further, obligate frugivores are more generalized than
opportunistic frugivores and hence are expected to be more central in plant frugivore-networks
(Whelan et al. 1998, Carnicer et al. 2009, Schleuning et al. 2011). Overall, plants are expected to
profit from a broad functional diversity of seed dispersers as it reduces seed aggregation and may

potentially aid the recruitment of their offspring in a diverse range of habitats.

To our knowledge, only two studies assessed the effect of forest modification on the
functional composition of frugivore communities (Moran et al. 2004, 2009). Moran et al. (2004,
2009) have shown that, even though the abundance of several frugivorous species was reduced in
fragmented forests, functional overlap in bird species could sustain the potential for seed dispersal
for many plant species. In these studies, the authors applied a functional classification of frugivore
species according to morphometric and dietary traits. Even though it is a valid approach,
functional classification may be problematic as forming groups is mostly subjective and
information is discarded (Mason et al. 2005). Thus, it is inferior to the continuous measurement of
functional diversity (Fonseca & Ganade 2001, Mason et al. 2005). Newly developed metrics to
calculate the functional diversity within communities (Mason et al. 2005, 2008, Villéger et al.
2008) directly measure the distribution of species in functional niche space on a continuous scale
(Mason et al. 2005). They can further reveal the importance of mechanisms driving the assembly
of frugivore communities in degraded forests, i.e. the impact of environmental filtering, neutral
assembly or competition filtering (limiting similarity; Mouchet, Villéger, Mason, & Mouillot,
2010). Environmental filtering assumes that environmental conditions act as a filter allowing only
a narrow spectrum of species to coexist, which are then more similar to each other than expected
by chance (Zobel 1997, Mouchet et al. 2010). In contrast, competitive exclusion (or limiting
similarity) assumes that only dissimilar species can coexist in a community (Hardin 1960,
Macarthur & Levins 1967). Functional diversity can be split in different components, e.g.
functional richness, evenness and dispersion. Functional richness (FRic) measures the amount of
niche space filled by species in the community; functional evenness (FEve) measures the evenness

of abundance distribution in filled niche space (Mason et al. 2005, Villéger et al. 2008) and
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functional dispersion (FDis) assesses the spread of species in niche space, or the degree of niche
differentiation (Lalibert¢ & Legendre 2010). Assessing effects on these different components of
functional diversity allows for a detailed examination of the linkage between functional diversity

and ecosystem functionality in degraded forests (Mason et al. 2005).

Here, we investigated the species richness and functional diversity of a frugivore
community within plant-seed disperser networks in a human-dominated sub-tropical forest
landscape of South Africa. We compared different components of functional diversity in forest
types along a gradient of forest modification: large natural forest, natural forest fragments
surrounded by grassland and remnant forest fragments embedded in agricultural fields. We further
assessed the influence of habitat quality within forest patches in terms of e.g. resource availability
and vegetation structure on the functional diversity of frugivore communities. We hypothesized
that (1) both the degree of forest modification and habitat quality of forest fragments lead to shifts
in the functional composition of frugivore communities, (2) an increase in forest modification
negatively affects the species richness as well as the functional diversity of the frugivore
community due to their filtering effect for a set of species, (3) local habitat quality of forest
patches positively influences species and functional diversity, as enhanced habitat quality
comprises more niches due to higher resources availability, fruiting plant species diversity and

vegetation structure (e.g. Clough et al. 2009)

Material and Methods

Study site and design

We conducted this study over two successive years, 2009/10 and 2010/11 in a heterogeneous scarp
forest landscape in and around Vernon Crookes Nature Reserve (VCNR) situated on the south
coast of South Africa’s KwaZulu Natal Province (150 — 610 m a.s.l., 30°16" S, 30°35" E).
Monthly rainfall in the area ranges from 1-148 mm and annual temperature from 6-31°C (von
Maltitz 2003). Covering an area of about 2,189 ha, VCNR is mainly a combination of hilly
grasslands with wooded wvalleys. It is surrounded by a matrix of commercial sugarcane
monocultures and timber plantations, within which a series of remnant natural scarp forest
patches, exist. Fruiting by fleshy-fruiting plants occurs almost all year round, although the main

fruiting season ranged from November to April, during the main rainfall season (Boon 2010).
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We worked in forest types characterized by decreasing degree of forest modification that
are representative for the area: 1) large natural forest (NatFor), representing the largest protected
natural scarp forest with 130 ha, predominantly surrounded by forest and partly by a matrix of
natural grassland within VCNR; 2) natural forest fragments (NatFra; mean area = 5.82 ha = 1.8
SD) within VCNR, occurring naturally due to microclimatic and terrain conditions and being
completely surrounded by natural grassland; 3) remnant forest fragments (AgrFra; mean area =
4.85 ha £ 0.5 SD) embedded in a matrix of sugar cane fields at the border of VCNR. Despite the
dissimilarities in matrices surrounding these three forest types, they all harbour similar
communities of plants and birds and occur within the same natural geographic range of scarp

forests (Mucina & Rutherford 2006, Neuschulz et al. 2011).

We established nine (200 m x 200 m) study sites, i.e. three replicates per forest patch. The
distance between study sites ranged from 0.53 to 1.06 km (mean = 0.80 + 0.3 km SD). Given the
likelihood of strong edge effects in forest patches compared to the large natural forest (Harrison &

Bruna 1999), we situated all study sites in close vicinity to forest gaps or edges.

Measuring local forest patch quality

We measured local forest patch quality by assessing three habitat characteristics, namely fruit
abundance, fruiting plant species richness and canopy cover in each study site. We calculated fruit
abundance (at the onset of fruit ripening) by estimating the number of fruits for each plant
monitored and any other fleshy-fruiting plants within a radius of 50 m. We then calculated the
mean fruit abundance for each study site, which ranged from 11,000 to 66,000 (mean = 45,000 +
28,000 SD) over the two years. To determine fruiting plant species richness, we identified all
fleshy fruiting woody plants in each site to species level. Fruiting plant species richness ranged
from 9 to 15 (mean = 12 £ 3 SD) across study sites. We estimated canopy cover standing in the
centre of four (50 x 50 m) quadrates in each site and calculated the mean per site. Canopy cover

ranged from 64 to 92 % (mean = 84 + 14 % SD) across study sites.

Assessment of plant-frugivore interactions

We observed all fleshy fruiting plant species in each study site to assess interactions with
frugivorous birds. Observations were undertaken during the main fruiting seasons in 2009/10 and
2010/11. The overall abundance of fruiting plant species in our study plots was low. Thus, one

individual of each plant species was monitored in each site. We observed each plant for a total of
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18 h, ideally split into 9 h per year. In cases where we could not achieve 9 h in the first fruiting
year, we increased the number of observation hours in the second fruiting year to attain the
standard total of 18 h per plant. We split the observations into three monitoring sessions, namely
early morning (06:00 am — 09:00 am), mid-morning (09:00 am to 12:00 am) and afternoon (2:00
pm — 5:00 pm), conducted at three different days during the main fruiting period of each plant
species in each year. Observations of species were evenly spread across the three sessions. Using
binoculars (Luger DA 10X42, Kdln, Germany) observations were carried out from a camouflaged
hide at ca. 20 m distance to the plant individual. All plant visiting birds and their fruit handling
behaviour on the plant were recorded. If more than one feeding bird was present on the plant (<0.5
% of observations), one randomly chosen individual was selected for which fruit consumption was
observed.

For each plot, we constructed interaction matrices giving the abundance of each bird
species on each plant species, whereby abundance was defined as the number of fruit-eating
individuals of a given frugivore species. From these matrices, we calculated frugivore species
richness per plot as the mean frugivore species richness across all plant species within a plot.
Further, we constructed a plot-abundance-matrix giving the abundance of each frugivore species

in each plot.

Functional traits

For each bird species feeding on fleshy-fruiting plants during observations, we compiled data on
three functional traits that are closely related to resource use and fruit consumption, i.e. body
mass, gape width and the degree of frugivory. Data on these functional traits were compiled in a
species-trait matrix. Data on body mass was taken from literature (Hockey et al. 2005). If body
mass for both sexes was given, mass of male and female birds was averaged. In cases were a range
was given, a mean value was used. Body mass was log-transformed. Gape width of bird species
was measured during mist-netting in the same study area (Neuschulz et al. in prep). As body mass
and gape width were highly correlated (r = 0.83), a linear regression between the two variables
(both log-transformed) was calculated. The residuals of this regression were used as a trait in the
species-trait matrix, expressing the remaining variance in gape width of bird species not explained
by body mass (residual gape width in the following). Data on gape width was available for 40 out
of 54 bird species only, so that all further analyses are based on these 40 species. To obtain the

degree of frugivory, bird species were classified as “obligate”, “partial” and “opportunistic”
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following Kissling, Rahbek & Bohning-Gaese (2007). Species that were not enlisted in Kissling et
al. (2007) were classified following Hockey et al. (2005). The same criteria were used as in
Kissling et al. (2007), with obligate frugivores depending almost entirely on fruit, partial
frugivores feeding on different major food items (e.g. both fruits and insects) and opportunistic
frugivores having fruits only as a minor food item. The nominal trait degree of frugivory was then
transformed into two dummy variables, one for obligate frugivory and one for partial frugivory (0
= false, 1 = true), which at the same time determined opportunistic frugivores (false for both

variables).

Functional diversity measures

All functional analyses were done in R (version 2.11.1, R development core team). We assessed
the functional composition for each plot using the community-level weighted mean of the
functional traits body mass and residual gape width (Lavorel et al. 2008) as implemented in the
package FD (Laliberté & Shipley 2011). Accordingly, the proportion of obligate frugivores, partial
frugivores and opportunistic frugivores were calculated for the nominal trait “degree of
frugivory”. Observed functional diversity measures, i.e. FRic, FEve and FDis, were calculated
from the observed plot-abundance matrix using the package FD. To determine the effect of
environmental filtering, neutral assembly or competitive filtering on frugivore communities, we
compared observed measures of functional diversity to expected measures. Expected functional
diversity measures were calculated by randomization of the observed plot-abundance matrix.
Using the Patefield algorithm implemented in the package bipartite (Dormann et al. 2008), we
constructed 1000 randomized plot-abundance matrices, thereby keeping the marginal totals for
plots and bird species constant. FRic, FEve and FDis were calculated for each randomized matrix
and expected means of the measures were computed across the randomizations. We calculated the
ratio of observed to expected measures of species richness and functional diversity using the index
of variance (IV) developed by Mason et al. (2008):

rv—z[ Obs ]
- "|obs + Exp

where Obs is the observed functional diversity and Exp the mean expected functional diversity
obtained from randomizations (Mason et al. 2008). The index of variance calculated from

observed and expected functional diversity measures ranges from -1 to 1. Significant negative
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departures from expectations, i.e. values below zero, indicate environmental filtering, and
significant positive values indicate competitive filtering. Non-significant departure, i.e. values
close to zero, indicate neutral assembly (Mouchet et al. 2010). Significant deviation of observed
from expected values was calculated from the randomizations using a two-tailed p-value of 0.025.
In the following, we refer to FRic, FEve and FDis for simplicity reasons, even though all analyses

were done on the IV of each measure.

Statistical analyses

All measures of habitat quality, i.e. fruit abundance, fruiting plant species richness and canopy
cover were uncorrelated (all p-values > 0.462). In a first analysis, we determined the effect of
forest type and habitat quality on the functional composition of frugivore communities. To do so,
we tested the effect of forest type, fruit abundance, fruiting plant species richness and canopy
cover (arcsine-square root-transformed) on the community-level weighted means of body mass
(log-transformed), on residual gape width as well as on the proportion of obligate, partial and
opportunistic frugivores within the communities. As no specific order of independent variables in
affecting dependent variables could be assumed, we used type III sums of squares. Model
selection was done with the help of Akaike’s information criterion (AIC). We further tested for an
effect of forest type, fruit abundance, fruiting plant species richness and canopy cover (arcsine-
square-root transformed) on frugivore species richness, FRic, FEve and FDis, respectively, in a

comparable way.

Results

In total, we monitored 31 plant species and a total number of 8,075 bird individuals. Body mass of
the frugivore bird species ranged from 8.0 to 642.5 g and gape width from 4.7 to 35.6 mm. A
number of eight species were categorized as obligate frugivores, 19 as partial and 13 as
opportunistic frugivores. The three most common frugivorous bird species were the Cape White-
Eye (Zosterops capensis, body mass: 13.50 g, gape width: 6.76 mm, partial frugivore), Dark-
capped Bulbul (Pycnonotus tricolor, 37.50 g, 12.15 mm, obligate frugivore) and Black-bellied

Starling (Lamprotornis corruscus, 50.00 g, 13.06 mm, partial frugivore).
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The community-level weighted mean of body mass was 40.29 + 4.19/-3.79 g (henceforth
mean + SE if not otherwise stated; back-transformed mean). Mean body mass did not differ among
forest types, but significantly increased with increasing canopy cover (Fig.1, Table 1). Residual
gape width differed significantly among forest types, and was highest in NatFra, intermediate in
NatFor and lowest in AgrFra. It further decreased significantly with increasing fruit abundance
(Table 1, Fig.1). The mean proportion of obligate frugivores was 0.39 + 0.03 across study plots,
the mean proportion of partial frugivores 0.56 + 0.04 and of opportunistic frugivores 0.05 + 0.02.
Proportions of all frugivore categories neither differed among forest types nor were influenced by

any of the habitat quality measures (Table 1).
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Table 1. Anova results (type 11l sums of squares) giving effects of forest type, fruit abundance, fruiting plant species richness and canopy cover
(arcsine-square-root transformed) on the community weighted means of body mass (logl0 transformed), the residuals of gape width (obtained
from regression between body mass and gape width, see methods for details), the proportion of obligate, partial and opportunistic frugivores.
Marginally significant and significant p-values are highlighted in bold.

Body mass Resid(gape width) Proportion obligate Proportion partial Proportion opportunistic
frugivores frugivores frugivores
df F P df F P df F P df F P df F P
Forest type 2,5 2.70  0.160 2,3 14.61  0.028 - - - - - - 2,5 1.98 0.233
Fruit abundance - - - 1,3 6.83 0.079 - - - - - - - - -
Fruiting plant - - - - 2.46 0.213 1,7 3.17 0.118 - - - 1,5 1.76 0.241

species richness

Canopy cover 1,5 8.48  0.033 1,3 0.79 0.438 - - - - - - - - -
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Fig.1. Partial regression plots (A, B) and least square means depicting the relationship between
habitat variables and community-weighted means of different traits: A) canopy cover (arcsine-
square-root-transformed) and body mass (logl0-transformed), B) fruit abundance and residual
gape width (obtained from regression between body mass and gape width, see methods for
details), and C) forest types and residual gape width.

Mean species richness of frugivores was 5.77 + 0.39 across plot. Frugivore species
richness did neither differ among forest types nor was affected by fruit abundance or fruiting plant
species richness. Canopy cover, however, had a marginally significantly positive effect on

frugivore species richness (Table 2, Fig. 2).

Table 2. Anova results (type Il sums of squares) giving effects of forest type, fruit abundance,
fruiting plant species richness and canopy cover (arcsine-square-root transformed) on frugivore
species richness, functional richness (FRic), functional evenness (FEve) and functional dispersion
(FDis). Marginally significant and significant p-values are highlighted in bold.

Species richness FRic FEve FDis

df F P df F P df F P df F P

Forest type 2,3 361 0.159 - - - 2,6 2.61 0.153 24 9.01 0.033
Fruit 1,3 296 0.184 - - - - - - - - -
abundance

Fruiting plant 1,3 2.67 0200 - - - - - - 1,4 13.85 0.020
species

richness

Canopy cover 1,3 834 0.063 1,7 18.68 0.003 1,4 7.66 0.050
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Fig.2. Partial regression plot depicting the relationship between canopy cover (arcsine-square-
root-transformed) and A) species richness, B) functional richness (FRic) and C) functional
dispersion (FDis), as well as D) between fruiting plant species richness and FDis. ). Significant
deviation of observed from expected measures of functional diversity is indicated in black, while
white points indicate neutral assembly.

Mean FRic across plots was -0.229 + 0.060. Observed FRic was significantly lower than
expected in one plot in NatFor, three plots in NatFra and one plot in AgrFra (Fig. 3). FRic neither
differed among forest types nor was affected by fruit abundance and fruiting plant species
richness. However, it significantly increased with increasing canopy cover, whereby plots with
lower canopy cover showed significant negative deviation from neutral assembly, i.e.
environmental filtering, and plots with higher canopy cover showed neutral assembly (Table 2,
Fig. 2). Mean FEve was -0.001 + 0.021 across plots. Observed FEve significantly differed from
expected only in one plot in NatFor and one in AgrFra, which showed significant negative and
positive deviation from neutral assembly, respectively (Fig. 3). FEve neither differed among forest
types (Table 2), nor was influenced by fruit abundance, fruiting plant species richness or canopy
cover. FDis had a mean value of -0.018 + 0.012 across plots. Observed FDis was significantly

lower than expected in two plots in NatFor, one plot in NatFra and one plot in AgrFra. One
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AgrFra plot showed a significantly positive deviation from neutral assembly. FDis significantly
differed among forest types (Table2), with AgrFra having the highest FDis (0.002 £+ 0.013),
followed by NatFra (-0.018 = 0.016) and NatFor (-0.039 £ 0.031). Further, FDis significantly
increased with increasing fruiting plant species richness and increased with increasing canopy

cover (Table 2, Fig. 2).
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Fig.3. Index of variance of functional richness (FRic), functional evenness (FEve) and
functional dispersion (FDis) in nine study plots across three differently modified forest types
(NatFor = natural forest, NatFra = natural fragments, AgrFra = fragments surrounded by
agricultural land). Significant deviation of observed from expected measures of functional
diversity is indicated in black, while white points indicate neutral assembly. Black points below
the neutral line indicate environmental filtering, those above the line competitive filtering.

Discussion

Our results showed that shifts in the functional composition of frugivore communities were rather
determined by habitat quality than by modification of forest patches. The mean body mass of
frugivore communities increased with increasing canopy cover. Residual gape width decreased
with increasing fruit abundance and was lowest in heavily modified fragments. Moreover, FDis,
1.e. niche differentiation, increased with increasing fruiting plant species richness and was higher
in AgrFra than in NatFra and NatFor. Canopy cover seems to be the most important determinant
of functional diversity, as it positively influenced species richness, FRic and FDis, thereby
increasing both the functional richness and the specialization of frugivores in sites with high

canopy cover.

Shifts in the functional composition of frugivore communities

Overall, the functional composition of frugivore communities was rather weakly influenced by

forest modification. Only mean gape width in the communities differed among forest types, and
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was smaller in modified forests than in NatFra or NatFor. This shows that the frugivore
communities in modified forests are characterized by bird species differing in gape width from
those in less modified fragments, which could potentially affect the spectrum of seeds dispersed
within the communities. Comparably, Moran et al. (2004) found a higher abundance of small-
gaped birds in heavily modified forest fragments, which they explained by a higher abundance of
small-seeded plant species, e.g. shrubs and smaller trees, in modified fragments (Moran et al.
2004). In contrast to gape width, neither body mass nor the composition of the community in
terms of degree of frugivory showed effects of forest modification. Thus, in general, the forest
patches in our study area seem to be well-connected, and even severe matrix habitat like sugarcane
fields surrounding them may be traversable by bird species. Comparably small distances among
forest fragments in our study area allow for among-patch movement even of less mobile species
and might explain these results (Neuschulz et al. in prep). Further, scarp forests have a history of
isolation and fragmentation during the last glacial maximum (Eeley et al. 1999), which might have
led to the adaptation of local bird communities to patchy environments (Neuschulz et al. in prep.).
Moreover, the quality of the remaining forest patches might be a more important determinant of
the functional composition of bird communities than forest modification per se (Garcia et al.
2010). In fact, community-level body mass and gape width were closely linked to canopy cover
and fruit abundance, respectively. Thus, patches with higher vegetation complexity and resource
abundance may be more attractive, especially for large birds moving across heterogeneous
landscapes and tracking resources (Lloyd & Marsden 2011). Further, they provide more habitat
niches and food resources. Thus, in line with other studies (Stouffer & Bierregaard 1995, Lees &
Peres 2008, 2009), our results indicate that fragmented forests in a heterogeneous landscape can

harbour a high diversity of frugivore communities.

We did not find shifts in community composition related to the degree of frugivory.
Actually, also other studies have shown that frugivorous birds are less susceptible to degradation
and fragmentation than other guilds (e.g. Tscharntke et al. 2008, Neuschulz et al. in prep). The
absence of a community shift might be due to low levels of fruit specialization of frugivores in our
communities. Especially obligate and partial frugivores are dependent on fruit resources to meet
their nutritional needs (Whelan et al. 1998) and are less specialized in fruit choice than e.g.
opportunistic frugivores (Schleuning et al. 2011). In fact, across forest patches, partial and obligate
frugivores accounted for the largest proportion of birds encountered. Thus, high quality forest
fragments may sustain a broad functional diversity within the frugivore community, thereby

potentially facilitating regeneration processes within these forest patches.
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Effects of forest modification and habitat quality on species and functional diversity

In general, frugivore species richness per se was little influenced by any of the factors investigated
in our study. It was comparable among forest types, which is in line with the findings of other
studies showing that the species richness of frugivore communities can be maintained or even
enhanced in modified forests (Estrada et al. 1993, Farwig et al. 2008, Ranganathan et al. 2008).
Thus, potentially due to high movement capacity of birds among patches (Neuschulz et al. in
prep), even strongly modified forest types may harbour a high taxonomic richness within
frugivore communities in our study area. Especially frugivores depend on tracking fruit resources
across the landscape and easily pass habitat boundaries (Graham 2001, Lenz et al. 2011). In
congruence with species richness, also FRic did not differ among forest types. Considering entire
bird communities, other studies found a decreasing functional diversity in agricultural as
compared to natural areas (e.g. Fischer et al. 2007, Flynn et al. 2009). Thus, our results again
indicate that frugivore communities may be less susceptible to habitat modification than other
functional bird groups (Tscharntke et al. 2008). Further, besides a high taxonomic richness, the
forest fragments studied here also sustain a high functional richness of frugivorous birds even in

an intensively used agricultural area.

Despite the overall suitability of forest fragments for frugivore communities found in our
study, environmental filtering seems to be an important determinant of functional richness, as in
several plots across habitats, observed FRic was significantly lower than expected FRic. This
indicates that environmental filtering at least partly shapes the functional richness of bird
communities in our study area. Due to the non-random distribution of resources, some species
may be excluded from persisting in a local community, while species that do occur may be
particularly adapted to that environment (Petchey et al. 2007, Mayfield et al. 2010). This in turn
means that communities in fragments do not encompass the full functional spectrum of frugivores.
Relating FRic to habitat quality revealed that canopy cover seems to be the main factor driving
this effect, as both species richness and FRic increased with increasing canopy cover. Further, the
effect of environmental filtering diminished in plots with high canopy cover. Canopy plants may
contribute to large proportions of the overall fruit crop within forests (Shanahan & Compton 2001,
Schleuning et al. 2011), thereby attracting a broad spectrum of frugivores foraging in canopy trees.
This seems to be particularly true for large-bodied frugivores, as the community-level mean body-
mass increased with increasing canopy cover as well (see above). While mere fruit abundance may

only be a snapshot of the resources available in a limited time span, canopy cover might actually
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represent the long-term level of resource availability within a fragment. High resource availability

will, in turn, allow for an increasing functional richness within frugivore communities.

The degree of FEve measures how functional space is occupied within a community. Even
though this measure is sensitive to environmental filtering (Mouchet et al. 2010), we detected only
minor environmental effects on FEve in our study. All but two communities showed neutral
assembly concerning FEve, which means that species abundances are evenly spread along the
functional trait gradient (Pakeman 2011). In other words, communities are not dominated by
species with certain functional traits, and the full range of functional trait space is evenly
represented. In accordance, FEve neither varied with forest modification nor with any of the

investigated measures of habitat quality.

We found a contrasting pattern for FDis, with higher levels of FDis in AgrFra than in
NatFor and NatFra. Obviously, species show higher levels of niche differentiation in modified
forest types, which might indicate that frugivores have a higher specialization on fruit resources in
these habitats. Lower environmental filtering and potentially even higher competition among
frugivores in highly modified habitats may result in a lower functional similarity, and thus a
higher niche differentiation, within frugivore communities (Petchey et al. 2007). Besides varying
across forest types, we found that FDis was strongly influenced by habitat quality of the forest
patches. Both increasing fruiting plant species richness and increasing canopy cover led to higher
levels of FDis. Thus, increasing canopy cover within forest patches enhances species richness,
FRic and FDis. It thus leads to a higher amount of niche-space filled while at the same time
functional trait space is more widely used, allowing functionally ‘“extreme” or specialized
frugivores to persist in the communities. In other words, decreasing canopy cover goes along with
a loss of specialized frugivores, such as large-bodied species, from the communities, The same
could be true for the positive effect of fruiting plant species richness. A higher variability of fruit
resources may allow a higher specialization in frugivores (e.g. Fleming, 2005; Chama et al. in
prep.). In fact, also other studies have shown that high habitat quality can lead to higher functional
diversity within bird communities (Guerrero et al. 2011). Thus, high habitat quality within forest
fragments may weaken the effects of environmental filtering due to impermeable matrices and

sustain a broad functional spectrum of frugivores.
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Conclusions

To conclude, functional diversity of frugivore communities in the heterogeneous forest landscape
studied in South Africa seems to be influenced mainly by habitat conditions, which exclude for
example large-bodied species from persisting within communities. Still, all forest types sustain a
comparably high functional diversity within seed disperser communities. Further, the influence of
environmental filtering on functional diversity seems to be weakened by increasing habitat quality,
especially by increasing canopy cover. Thus, high-quality forest patches can sustain functional
diversity of frugivore communities even in fragmented landscapes. A high functional diversity
within frugivore communities may in turn result in a high quantity and quality of seed dispersal,
and thus high seed dispersal functionality, even in heavily modified forest types in our study area.
Thereby, managing habitat quality of remaining forest patches may be a promising approach for
the conservation of seed dispersal, regeneration processes and ecosystem functionality in the long-

term.
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Chapter 4: The importance of frugivores for
germination success of plant species
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Abstract

Frugivorous birds are the most important consumers of wild fruits particularly in sub-tropical and
tropical forest ecosystems. Whether or not such plant-frugivore interactions contribute to
germination enhancement is still a subject of much debate. We tested the effect of gut treatment by
four captive species of avian frugivores in comparison to manually depulped and whole fruit on
seedling emergence and germination probability of seeds from sixteen plant species in South
Africa. Moreover, we determined whether fruit weight of each plant species affected germination
patterns. Across plant species, a total of 2, 796 seeds were planted, of which 50.01% germinated.
Both seedling emergence and germination probability neither differed among the bird species nor
in comparison to manually depulped seeds. The bird species and manually depulped did also not
differ with whole fruit. Further, seedling emergence and germination probability were both
unaffected by fruit weight. However, the germination probability of all treatments increased
similarly with increasing number of weeks after planting. Overall, these results suggest that seed
depulping, neither by gut treatment nor manually improved germination of seeds, irrespective of
their fruit weights. Thus, the major contribution of frugivores to forest regeneration may be more
confined in transporting seeds away from the mother plant than in germination enhancement per

se.
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Introduction

Frugivorous vertebrates play a key role in the dispersal of seeds for many fleshy fruiting plants
across global forest ecosystems (Jansen 1981, Stiles 2000, Farwig & Berens 2012). Approximately
90% of tropical and up to 50% of temperate plant species largely depend on frugivorous
vertebrates for dispersing their propagules (Howe & Smallwood 1982). Avian frugivores in
particular, have been shown to be among the most important of these dispersers, capable of
transporting seed far away from the vicinity of mother plants (Howe & Smallwood 1982). This
enables seeds and seedlings to escape disproportionate mortality (Howe 1986) and allows plants to
colonize new and degraded habitats (Howe & Smallwood 1982). In this case, seed dispersal plays
a pivotal role in shaping the ecology, evolution and dynamics of global forest ecosystems

(Traveset 1998).

When studying plant-frugivore interactions, one has to consider not only the quantitative,
but also the qualitative aspects in these mutualisms. This implies widening the scope from merely
assessing the number of dispersed seeds, to establishing the probability that dispersed seeds will
germinate after passage through the guts of different frugivorous animals (Howe & Smallwood
1982, Schupp 1993). Whether or not the treatment of seeds in the digestive tracts of animals
affects germination has been a subject of much research. For example, studies that found no effect
of gut treatment on germination probability (Howe & Vande Kerckhove 1981, Barnea et al 1992,
Clout & Tilley 1992) are almost as frequent as those in which a significantly positive (e.g. Barnea
et al. 1990, 1991, Clergeau 1992, Murray et al. 1994) or negative (e.g. Valido & Nogalas 1994,
Nogales et al. 1995, Crossland & Kloet 1996) effect was found. The positive effects of gut
treatment on germination arise from the assumption that pulp removal in the digestive tracts of
frugivores eliminates germination inhibitors present in the pulp (Traveset 1998). Pulp removal can
also reduce the susceptibility of seeds to microbial and fungal infections (Jackson et al. 1988).
Moreover, some studies have suggested that frugivores can increase the permeability of seeds to
both water and gases by modifying their seed coats (Izhaki & Safriel 1990, Barnea et al. 1991,
Clergeau 1992), consequently enhancing germination (Traveset 1998). However, frugivores can
also inhibit germination (e.g. Valido & Nogalas 1994, Nogales et al. 1995, Crossland & Kloet
1996), by the chemical and mechanical abrading of seed coats in their digestive tracts or by traces
of feaces on the excreted seeds. This may consequently attract microbial and fungal infections on
the seeds, hence the negative effects of gut treatment on germination (Crossland & Kloet 1996,

Traveset 1998).
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In addition, the survival of seeds passing through the gut has been shown to vary with fruit
or seed size (Traveset & Verdu 2002). Fruit or seed size can affect the time that seeds are retained
in the digestive tracts of animals, with the larger and heavier seeds reported to have quicker
retention time than the smaller and lighter seeds (Garber 1986, Gardener et al. 1993). These
variations in gut retention time (Clergeau 1992, Izhaki et al. 1995) and in the overall effects of gut
treatment on germination patterns suggest that the digestive systems of frugivorous animal species
differs greatly, both morphologically and physiologically (Schupp 1993, Traveset 1998).
Therefore, examining different species of frugivores might reveal the traits that affect germination.
In particular, it remains important to establish whether variations occur among different species of
animals consuming the same fruits and if such variations could be attributed to the differences in

animal species or plant traits such as fruit weight.

For this reason, we studied the germination pattern of sixteen woody plant species after
passage through the digestive tracts of four generalist avian frugivore species in KwaZulu Natal,
South Africa. Woody plant species mirrored the range of available fruit weights while birds varied
in mean body mass, ranging from 55 to 310 grams. Taking into account the mean weights of the
fruits, we examined (i) seedling emergence and (ii) germination probability of each plant species
following gut treatment by each of the four frugivores species. We expected (a) different species
of frugivores to affect both the seedling emergence and germination probability differently based
on the assumption that their gut treatment effects differ, (b) gut treatment to generally enhance
germination due to both fruit pulp removal and the abrasive effect within their digestive tracts (c)
fruit or seed weight to have a positive effect on both seedling emergence and germination
probability given that larger seeds have quicker retention times and thereby less susceptible to

abrading than smaller seeds.

Material and methods

Woody fruiting plant species

Between 2010 and 2011, fruits from different native and non-native woody fruiting plant species
(n = 16) that interacted with native avian frugivores (Jordaan et al. 2011, Chama et al. in prep)
were collected in the field. Fruits from the native plant species (n = 14) were collected from
Vernon Crookes Nature Reserve (VNCR) while those from non-native (n = 2) were collected in
Pietermaritzburg. Fruits were collected during the fruiting season of plant species (Appendix d).
After collection, fruits were stored in clean plastic jars in a refrigerator and used within 48hrs of
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collection. The fruit weight of each plant species was recorded prior to the onset of the

experiment, i.e. as the mean weight of 20 fruits or seeds per plant species.

Frugivore species

Four of the five captive and predominantly generalist species of native frugivorous birds at the
University of KwaZulu Natal (UKZN) in Pietermaritzburg, South Africa, were used in this
experiment. These included (i) Spectacled Mousebird (Colius striatus; 55g; n = 5) (i) Red-winged
Starling (Onychognathus morio; 140g; n = 4), (iii) Purple-crested Turaco (Tauraco
porphyreolophus; 285g; n = 2) and (iv) Knysna Turaco (Tauraco corythiax; 310g; n = 4). The
frugivores are housed in outside flight aviaries (1 x 2.12 x 2.66 m) either in pairs or groups
depending on their body masses. Here, they are fed a maintenance diet comprising mixtures of (i)
fruit (apples, bananas, carrots, oranges, papaya, and pears) and (ii) Aviplus Softbill/ Mynah

crumble and pellets on a daily basis. Water is also provided ad libitum.

Feeding experiment

Birds were relocated from the outside aviaries into a separate room. They were each placed in
separate cages for an adaptation period of two days, during which they were fed a maintenance
diet similar to what they were fed in the outside aviaries. The temperature in the room was
constantly maintained at 25 + 1°C. On the day of the experiment, birds were provided only with
whole fruit collected from the sixteen plant species (Appendix d). At least 30 fruits were fed to
each individual bird. Feeding experiments started at 06:00am. The length of the experiment for
each bird species varied between three and 48 hrs, largely depending on their capacity to consume
and defecate the minimum total of at least 20 seeds per plant species. As it was not always
possible for some individuals from each of the four bird species to consume and defecate 20 seeds,
we pooled the seeds defecated by all individuals of the same species in order to reach this
minimum sample size. If it was not possible to collect this number of seeds on the first day, the
experiment was repeated on the following day until the seeds defecated by all individuals of one
bird species reached at least 20. Defecated seeds (hence forth referred to as gut treated seeds) were
collected from the trays placed under each cage every three to six hrs and in the morning after the

last experimental day.
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Germination experiment

Gut-treated seeds were stored at ambient temperature until sown within one to three days after
collection. Seeds for each plant species were sown in six different treatments, i.e. -one treatment
for each bird species (gut treatment), manually depulped and whole fruit. Manually depulped
consisted of seed whose pulp was manually or hand stripped and washed with water prior to the
experiment to reduce or eliminate potential inhibition effects on the germination of the seeds
(Cipollini and Levey 1997), while whole fruit (i.e. with intact pulp) served as control. For each
treatment and each species, similar quantities of seeds (n > 20) were planted together in one tray.
Seeds were sown at regular intervals and covered in trays (265 x 180 x 75mm) containing
sterilized potting soil at a depth of 0.5 cm. Seeds of all treatments for each plant species were
sown simultaneously and under the same conditions to allow for comparison of seedling
emergence and survivorship. The trays were placed in the greenhouse at UKZN where they were
watered with the aid of automated over-head sprinklers on a daily basis. The positions of these
trays were randomly interchanged between the treatments once every week. When monitoring
germination, we firstly recorded the seedling emergence (i.e. when the cotyledon or embryonic-
first-leaf shoot was first seen emerging from the soil) and then the germination probability at the
end of the experiment (i.e. when no further germination could take place after the twelfth month).
Two of the sixteen plant species (Croton sylvaticus and Sapium ellipticum) had between two and
three seeds per fruit and/or fruit endocarp. Under such circumstances, the fruit and /or endocarp
was considered a seed and only one germination event from each fruit and/ or endocarp was
recorded (Bradford 2010). Germination was recorded once every week in the first three months,
after which it was recorded only once every four weeks up to the twelfth month. The total number
of weeks, i.e. time from planting to final or maximum possible germination probability, was
recorded and used as a covariate when analysing the effects of seed treatment on germination

probability.

Statistical analysis

We tested whether seed treatment had an effect on (i) seedling emergence and (ii) germination
probability (data arcsine-square-root transformed) with linear mixed effects models. Planned
contrasts were incorporated in each analysis to compare the effects of different treatments on
germination. In the first analysis, we tested if gut treatment affected seedling emergence and the

proportion of germination differently from manual depulping. To do so, we used planned contrasts
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between each of the four bird species versus manually depulped seeds. These contrasts also
allowed us to indirectly test if the four bird species affected germination differently from each
other. In the next step, we tested whether seedling emergence and germination probability differed
significantly between depulped vs. whole fruit using mixed effect models with cf-tests. To do so,
we aggregated the germination records for both gut treatment and manually depulped seed
(henceforth collectively referred to as “depulped” seeds) and calculated the mean seedling
emergence and germination probability. We then used seedling emergence as a response against
fruit weight and treatment (i.e. depulped vs. whole fruit) as fixed effects, while treatment was
nested within plant species. Germination probability as a response variable was tested against fruit
weight, treatment and week as fixed effects. In this analysis, week was nested within treatment,
and treatment nested within plant species. All statistical analyses were performed in R (version

2.12.0; R Development Core Team 2006).

Results

Of 7,385 fruits fed to the birds, 57.21% were consumed, of which 80.28% were defecated and
used in the germination experiments. Across treatments, a total of 2,796 seeds were planted, i.e.
466 per treatment. The weights of fruits used in the experiment ranged from 0.013 (7rema

orientalis) to 5.35g (Harpephyllum caffrum; Appendix d).

Seedling emergence

Overall, seedling emergence ranged from 14 to 331 days (129 £ 119; i.e. mean = SD if not
otherwise noted) and did not differ between the naturally and manually depulped seeds (p > 0.05),
indirectly also suggesting that there was no difference among bird species. Seedling emergence
did also not differ significantly between depulped seeds and whole fruits (Table 1, Fig. 1a), albeit
depulped seeds emerged slightly earlier (101 + 112 days) than whole fruit (108 + 121 days).

Moreover, seedling emergence remained unaffected by fruit weight (Table 1, Fig.1b).

Germination probability

Of the 2,795 seeds planted, the total germination probability was 50.01%, split into 18.32 + 1.24%
for naturally depulped, 17.91% for manually depulped and 11.82% for whole fruit. Germination

probability did not differ between the naturally and manually depulped seeds (p > 0.05), indirectly
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also suggesting that there was no difference among bird species. There was also no significant
difference between the mean germination probability for depulped seed (i.e. naturally and
manually depulped; 34 + 40%) and whole fruit (23 + 33%; Table 1, Figlc). Overall, germination
probability remained unaffected by fruit weight (Table 1, Fig. 1d), but increased with increasing
number of weeks after planting (Table 1, Fig.2).

Table 1. Results of mixed effects models showing estimated parameters, standard errors (SE), z
and p values of fixed effects. Significant p-values are highlighted in bold. Note: depulped =
collective mean of both gut treatment and manually depulped seeds.

Seedling emergence Germination probability

Fixed effects Estimate ~ SE Zvalue P Estimate SE Zvalue P
Treatment  (depulped -3.37 9.20 037 0714  0.02 0.14 0.18 0.858
vs. whole fruit)

Fruit weight -13.14 28.22 047 0642 -0.13 0.25 -0.50 0.620
Week - - - - 0.01 0.00 347 <0.01
Fruit weight: Treatment  -3.63 16.47 -0.22 0.825  0.11 0.24 0.46 0.646
Fruit weight: Treatment - - - - -0.00 0.00 -0.61 0.545
Treatment: week - - - - 0.00 0.00 0.20 0.844
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Discussion

Our study showed that gut treatment by any of the four frugivore species did not affect
germination as both mean seedling emergence and germination probability remained similar
across all treatments. Both seedling emergence and germination probability were unaffected by
fruit weight. However, germination probability increased similarly across all treatments with
increasing number of weeks after planting, suggesting that seed depulping, neither by gut

treatment nor manually enhanced germination.

Effects of gut treatment on seedling emergence and germination probability

While gut treatment has been shown to enhance germination by numerous previous studies (e.g.
Barnea et al. 1990, 1991, Murray et al. 1994, Traveset & Verdu 2002), the frugivores in our study
did not affect germination, neither in terms of seedling emergence nor in terms of germination
probability. Moreover, the mean germination probability of depulped seeds increased similarly
with that of whole fruits over the weeks (Fig. 2). Our results are consistent with previous studies
that found no significant effect of seed ingestion by avian frugivores on germination (e.g. Traveset
& Willson 1997, Wilson & Downs 2011). One the one hand, these findings suggests that gut
treatment does not necessarily improve germination irrespective of the species of the dispersers
involved. One the other hand, this could suggest that the avian frugivores used in the study are
generally not effective enough to eliminate germination inhibitors and dormancy mechanisms
enshrined in these particular seeds. Alternatively, seeds from these plant species may not
necessarily depend on gut treatment to enhance their germination. These assumptions are
supported by evidence from a recent study by Wilson and Downs (2011) who found no effect of
gut treatment by the Knysna Turaco (Tauraco corythiax) on the germination of seeds from several
plant species, four of which were also tested in this study. In this case, the germination patterns of
the studied seeds may probably be improved if ingested by dispersers that are different from these
frugivores (Traveset 1998). These findings may also support previous reports suggesting that the
effects of gut treatment on germination are not universal largely due to several uncontrolled
factors or traits (e.g. seed texture, coat thickness, sculpture, etc.) intrinsic to the plant and its fruit
consumers (Barnea et al. 1991, Traveset & Wilson 1997, Jordano 2000). Overall our results
suggest that the positive effect of frugivorous birds is more on transportation, than improving the

germination of seeds per se. Thus, frugivores help to promote plant colonisation of new habitats
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and escape from disproportional post-—dispersal mortality in the vicinity of parent plants (Howe

1986).

Effect of fruit weight on seedling emergence and germination probability

In contrast to our hypothesis, both seedling emergence and germination probability remained
unaffected by fruit weight. Our results are consistent with Traveset (1998) who found that seeds
of different sizes have similar germination response to gut treatment. However, these results
contrast those of Traveset & Verdu (2002) who found a positive effect of seed size on the
germination of gut treated seed, with larger seeds reported to have high germination probabilities
than smaller seeds. Larger seeds have shorter gut retention times than larger seeds (Garber 1986,
Gardener et al. 1993). Thus, the seed coats of larger seeds are less likely to be abraded than the
smaller seeds, thereby the positive effect of seed size on germination probability of gut treated
seeds (Garber 1986, Gardener et al. 1993, Traveset & Verdu 2002). Nonetheless, our results
suggest that seeds of different fruit weights are similarly affected in the digestive tracts of
frugivores, irrespective of the reported variations in their gut retention times (Garber 1986,

Gardener et al. 1993).

Conclusions

Our study showed no difference in germination patterns across all treatments, suggesting that gut
treatment by the four frugivore species did not improve germination of the studied seeds,
irrespective of their fruit weights. In this case, the overall contribution of frugivores to forest
regeneration is more on transportation than in improving germination of seeds. The advantages of
transporting seeds away from the mother plant are well documented (e.g. Howe & Smallwood
1982, Howe 1986), thereby stretching the importance of conserving the frugivorous communities
for the sustenance of plant diversity in tropical and sub-tropical forest landscapes. As we only
used a subset of frugivore species in this study, increasing the number of species and experiment

time could highlight more general effects of gut treatment on natural forest regeneration.
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Summary of methods and key findings

In this thesis, I studied the consequences of forest patch quality and matrix habitats for plant-
frugivore mutualistic network structures and functional diversity of frugivore communities within
these networks, in a human dominated sub-tropical landscapes of eastern South Africa. In
addition, I also studied if the passage of seeds through the digestive tracts of frugivores enhances

germination.

In the first approach (chapter 2) I focused on plant-frugivore networks across forest
patches surrounded by dissimilar matrix habitats in and around Vernon Crookes Nature Reserve in
South Africa. 1 addressed the question whether changes in the quality of forest patches or
surrounding matrix habitat affect the structure and stability of plant-frugivore mutualistic
networks. I compared the network structures in a large scarp forest (NatFor) surrounded by a
natural forest matrix with those in two small natural forest patches, one surrounded by natural
grassland (NatFra) and the other by sugarcane agriculture (AgrFra). Forest patch quality was
measured by assessing the fruit abundance, fruiting plant richness and canopy cover in each forest
patch. I then recorded the interaction frequencies of all fleshy fruiting plant species with avian
frugivore species in each forest patch. Using these data, I compiled quantitative interaction
matrices and constructed plant-frugivore interaction networks. Network structures were compared
among forest patches in relation to both forest patch quality and matrix habitat. The results show
that networks across forest patches were all similarly characterized by a high degree of
redundancy in the plant-frugivore interactions. Overall, none of the network parameters varied
with matrix habitat, but were strongly influenced by forest patch quality. These findings suggest
that the structure and stability of plant-frugivore interaction networks is rather determined by local

forest patch quality than by surrounding matrix habitat.

In the second approach (chapter 3), I used the same data as in chapter 2 and investigated
the consequences of forest patch quality and matrix habitat on different measures of functional
diversity of the frugivore communities within the plant-frugivore networks. I recorded data on
three functional traits related to seed dispersal, namely body mass, gape width and degree of
frugivory for each frugivore species observed in the networks. From these data, I calculated three
indices of functional diversity, i.e. functional richness, functional evenness and functional
dispersion. I then tested the effect of forest patch quality and matrix habitat on these measures of
functional diversity as well as on species richness of frugivore communities. Results showed that

functional diversity was rather weakly affected by matrix habitat, but by forest patch quality. The
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mean body mass increased with increasing canopy cover. Further, functional dispersion increased
with increasing fruiting plant species richness and was higher in AgrFra than in NatFra and
NatFor. Canopy cover had a positive effect on species richness, functional richness and functional
dispersion. These results suggest that canopy cover is the most important determinant of
functional diversity, as both the functional richness and the specialization of frugivores increased

in sites with high canopy cover.

In the third approach (chapter 4), I tested the effects of seed ingestion by frugivores on
germination. I addressed the question whether the passage of seeds through the digestive tracts of
frugivores during transportation affects the seedling emergence and germination probability.
Moreover, I also determined whether the effect of gut passage on germination was influenced by
the weight of the fruits consumed. To do this, I collected fruits from sixteen woody plant species,
mostly from Vernon Crookes Nature Reserve. I weighed and fed the fruits to four different captive
avian frugivore species at the University Of KwaZulu Natal in South Africa. Seeds defecated by
each species were collected and planted. Their seedling emergence and germination probabilities
were recorded and compared with those of manually depulped and whole fruits planted at the
same time under similar conditions. Results show that neither seedling emergence nor germination
probability differed among the birds. Further, seedling emergence and germination probability of
gut treated seeds were also similar to both manually depulped and whole fruits, suggesting that
seed depulping, neither by gut treatment nor manually, did not affect germination. Fruit weight
had no effect on germination either. Broadly, these results suggest that the effect of frugivorous
birds on natural forest regeneration is more on seed transportation, than improving the

germination.

Implications for conservation

The results obtained in this thesis have important implications for conservation of biodiversity,
especially in tropical and sub-tropical forest landscapes. Firstly, the structure of seed dispersal
networks in my study area seemed to be very robust because of high forest patch quality and a
heterogeneous landscape. In this case, these networks are less likely to be disrupted by
fragmentation, as their species might have various reassembly pathways. The high levels of
redundancy observed in the plant-frugivore interactions suggest that plants in the networks profit

from a broad spectrum of seed dispersers, thereby maximizing the opportunities for recruitment of
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their offspring in diverse habitats. Secondly, the functional diversity of frugivores in the studied
networks also turned out to be similarly high due to forest patch quality. Canopy cover was
particularly of major importance as it enhanced both richness and dispersion of functional roles
among frugivores. A high functional diversity within frugivore communities may impact
positively on the functionality of seed dispersal processes, as it enhances both the quality and
quantity of dispersed seeds. Finally, the passage of seeds through the digestive tracts of frugivores
did neither improve nor reduce the germination of seeds from sixteen plant species. Therefore, the
major contribution of frugivores to plant recruitment seems to be more in transportation of seeds

away from the mother plant, than in improving germination per se.

Overall these findings, particularly from the first two studies suggest that forest patch
quality was an important driver of network stability and functional diversity among frugivorous
communities. This was largely due to a highly heterogeneous landscape, suggesting that matrix
habitats are also of conservation importance. These findings could be partly explained by the fact
that frugivorous birds have a highly flexible and mobile foraging behaviour and can track food
resources over long distances in response to spatiotemporal availability. In this case, their
movements may not be limited by intervening matrix habitats, resulting in similar characteristics
of seed dispersal communities across different forest patches. This is particularly also supported
by the relatively shorter distances separating the forest patches in our study area, thereby allowing
for inter-patch movement by frugivores species of various functional abilities (Neuschulz et al. in
prep). This is consistent with recent findings by Neuschulz et al (in prep) suggesting a high cross-

matrix movement activity by diverse avian frugivorous species within our study area.

In sum, these findings suggests that seed dispersal processes may be resilient to the matrix
effects in heterogeneous fragmented forest landscapes if their mutualistic interactions involve
highly flexible and mobile partners and if a sufficient size and quality of remaining forest patch is
attractive. Further, these findings suggest that remnant forest patches embedded in agricultural
matrix can also provide avenues for sustaining key ecological processes. In this case, they provide
alternative habitats outside protected areas and may also save as natural corridors linking protected
areas. Thus, conservation efforts should shift from the traditional strategies centred only on large
forest areas, to also include the protection of biodiversity in small forest fragments. This thesis has
also experimentally demonstrated that avian frugivores are legitimate dispersers. However, their
survival and indeed that of seed dispersal processes in particular, will largely depend on

maintaining habitats of sound quality. A further reduction in the sizes of these forest patches due
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to an expansion in matrix habitats could have negative implications on patch quality and thus seed
dispersal processes. Conservation planners should therefore strive to promote management
strategies that will not only maintain patch quality, but also protect these forest patches from

further fragmentation.

Future research prospects

As scarp forests have a history of isolation and fragmentation during the last glacial maximum
(Eeley et al. 1999, cited in chapter 3), it is likely that the avian frugivore communities in this
region have potentially become adaptive to patchy environments (Neuschulz et al., in prep.), thus
shielding the potential effects of matrix habitats. Therefore, future research could benefit from
undertaking similar studies also in other landscapes to get a better understanding of how matrix
habitats and forest modification in general affects plant-frugivore interactions. Moreover, it would
also be enriching to highlight whether the observed seed dispersal network structures and
functional diversity of disperser communities would remain similar if the distances between the
study sites were to increase. Further, given the current threats of increased human activities in sub-
tropical forest landscapes (references in the general introduction), it would be enlightening to also
study other disperser groups and their traits and effects on germination. Such studies will benefit
from looking in more detail from the plant side, especially taking various traits (e.g. seed texture,
coat thickness, nutrients, chemical content, etc.) into consideration to really evaluate the role of
frugivores for plant regeneration. Monitoring the seedling growth and survival beyond the mere
recording of seedling emergence and germination probability will be even more important in the

context of evaluating natural forest regeneration processes.
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Deutsche Zusammenfassung
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Zusammenfassung

Die Samenausbreitung durch Tiere ist ein bedeutsamer 6kologischer Prozess. Dies ist besonders in
den Tropen und Subtropen der Fall, wo bis zu 90 % der Pflanzenarten fleischige Friichte haben
und auf den Transport ihrer Samen in geeignete Habitate angewiesen sind. Frugivore Vogel
gehoren zu den wichtigsten samenausbreitenden Vertebraten und tragen damit entscheidend zur
natiirlichen Waldregeneration bei. Verdnderungen in der Habitatqualitit von Waldfragmenten
sowie der Struktur der sie umgebenden Matrix haben Konsequenzen fiir
Samenausbreitungsinteraktionen. Des Weiteren konnen Verdnderungen in Waldhabitaten die
funktionelle Diversitdt von Samenausbreitergemeinschaften beeinflussen und somit weit reichende
Konsequenzen fiir die natiirlichen Regenerationsprozesse vieler Pflanzenarten nach sich ziehen.
Um die Effekte von Habitatqualitdt und umgebender Matrix von Waldfragmenten auf den Prozess
und die Funktion von Samenausbreitung zu untersuchen, habe ich (i) die Struktur von Pflanze-
Frugivoren-Netzwerken und (i1) die funktionelle Diversitit der Frugivorengemeinschaften
innerhalb dieser Netzwerke zwischen Waldfragmenten verglichen, die von unterschiedlichen
Matrixhabitaten umgeben waren. Die Studien fanden in der Umgebung und innerhalb des Vernon
Crookes Nature Reserves in Siidafrika statt. Zusétzlich priifte ich in einem experimentellen Ansatz
die Legitimitét frugivorer Vogel als Samenausbreiter, indem ich den Einfluss der Aufnahme und
Verdauung von Samen durch frugivore Vogel auf die Keimung verschiedener Pflanzenarten
untersuchte. In der Pflanze-Frugivoren Netzwerkstudie verglich ich die Netzwerkstruktur in einem
groflen, von Waldmatrix umgebenen Schluchtwaldgebiet mit der von zwei kleinen natiirlichen
Waldtypen, der eine umgeben von natiirlichem Grasland, der andere umgeben von
Zuckerrohrfeldern. Dabei setzte ich die Netzwerkstruktur in Beziehung zur Habitatqualitét der
Waldfragmente sowie zum umgebenden Matrixhabitat. Insgesamt beobachtete ich 54
fruchtfressende Vogelarten an 31 Pflanzenarten mit fleischigen Friichten. Die Netzwerkstruktur
unterschied sich nicht zwischen den Waldtypen mit unterschiedlichen Matrixhabitaten. Die
Netzwerke waren in ihrer Robustheit vergleichbar und stark durch die Habitatqualitdt der
Waldfragmente beeinflusst. Diese Ergebnisse deuteten darauf hin, dass die Struktur und Stabilitét
von Pflanze-Frugivoren Interaktionsnetzwerken stérker durch die lokale Habitatqualitét beeinflusst
wurde als durch die umgebende Matrix der Waldfragmente. In der Studie zur funktionellen
Diversitdt der Frugivorengemeinschaften innerhalb der Netzwerke stellte ich Daten zu drei
funktionellen Eigenschaften der Vogel zusammen, die in Zusammenhang mit Samenausbreitung

stehen, und zwar zur KorpergroBBe, Schnabelbreite und dem Grad der Abhéngigkeit von Friichten
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als Nahrungsquelle. Daraufhin testete ich den Effekt der Habitatqualitit der Waldfragmente und
des umgebenden Matrixhabitats auf drei verschiedene Mal3e funktioneller Diversitit sowie auf den
Artenreichtum der Frugivorengemeinschaften. Die Ergebnisse lieBen darauf schlieBen, dass alle
Waldtypen eine vergleichbar hohe funktionelle Diversitdt der Samenausbreitergemeinschaften
aufwiesen. Insgesamt waren die funktionelle Zusammensetzung und die funktionelle Diversitét
stiarker durch die Habitatqualitidt der Waldfragmente beeinflusst als durch die umgebende Matrix.
Zur Durchfiihrung des Keimungsexperiments sammelte ich Friichte von sechszehn Pflanzenarten
und verfiitterte sie an vier frugivore Vogelarten. Ausgeschiedene Samen wurden eingepflanzt und
der Zeitpunkt ihrer Keimung sowie ihre Keimungswahrscheinlichkeit zum Einen mit der Keimung
ganzer Friichte und zum Anderen mit Samen verglichen, die manuell von Fruchtfleisch befreit
worden waren. Die Ergebnisse zeigten weder Unterschiede im Zeitpunkt der Keimung sowie in
der Keimungswahrscheinlichkeit zwischen den Vogelarten noch zwischen den unterschiedlichen
Behandlungsmethoden. Diese Resultate lieBen darauf schlieen, dass ein positiver Effekt der
Frugivoren auf die natiirliche Waldregeneration eher in Bezug auf die Ausbreitung der Samen als
in Bezug auf die Verbesserung der Keimung gegeben schien. Insgesamt zeigten die Ergebnisse der
ersten beiden Studien, dass die Habitatqualitdit von Waldfragmenten ein wichtiger Treiber fiir die
Stabilitdit von Pflanze-Frugivoren Netzwerken und die funktionelle Diversitit von
Frugivorengemeinschaften zu sein scheint. Bei gegebener hoher Habitatqualitidt konnen demnach
Waldfragmente, die von unterschiedlichen Matrices umgeben sind, einen hohen Wert fiir den
Naturschutz in heterogenen Waldlandschaften haben. Der Erhalt der im Experiment als legitime
Samenausbreiter identifizierten Vogelarten hidngt dabei vom Fortbestehen von Waldfragmenten
ab, die durch eine hohe Habitatqualitdt und eine wenig einschrinkende Matrix gekennzeichnet

sind.
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Appendix a

Quantitative plant-frugivore networks in (a) large natural forest (NatFor), (b) natural forest
fragments (NatFra) and (c) remnant fragments embedded in an agricultural matrix (AgrFra). For
each network, the lower trophic level bars represent fruiting plant species while the upper trophic
level bars represent frugivorous bird species. Each interaction between species is represented by
a grey arrow, arrow width represents the frequency of interactions. See Appendices b and c for
full names of species codes.
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(c) AgrFra

oza

aig

69

zea

sza

ela

z1a

Na

84

20

0

aL

Mo

o

vo

oH

oL

as

az

82



Appendix b

Species codes, common and scientific names of fleshy-fruiting plants in the networks across matrix

habitats; nomenclature follows (Boon 2010).

Species code

Common name

Scientific name

AA
AV
BM
CA
CG
CS
CW
DN
FB
FI
FS
HC
ML
PC
PL
PR
PV
RC
RM
SC
SE
SP
SR
SRC
TD
TG
TO
TP
VL
7C
7D

African False-currant
Tassel-berry
Mitzeeri Sweetberry
White-stinkwood
Tinderwood

Forest Croton

Forest Corkwood
Acorn Jackal-berry
Common Wild Fig
Red-leaf Fig
Brown-cluster Fig
Wild-plum
False-assegai

Black Bird-berry
Red-beech

Wild Date Plum
Cheesewood
Quinine-tree
Cape-beech
Waterberry
Jumping-seed Tree
Common Wild Currant
Blunt-leaf Crow-berry
Red Currant

Forest Natal Mahogany
Wild-mulberry
Pigeonwood
Brides-bush
White-ironwood
Small Knobwood
Forest Knobwood

Allophylus africanus
Antidesma venosum
Bridelia micrantha
Celtis africana
Clerodendrum glabrum
Croton sylvaticus
Commiphora woodii
Diospyros natalensis
Ficus burkei

Ficus ingens

Ficus sur
Harpephyllum caffrum
Measa lanceolata
Psychotria capensis
Protorhus longifolia
Phoenix reclinata
Pittosporum viridiflorum
Rauvolfia caffra
Rapanea melanophloeos
Syzygium cordatum
Shirakiopsis elliptica
Searsia pyroides
Searsia rehmanniana
Searsia chirindensis
Trichilia dregeana
Trimeria grandifolia
Trema orientalis
Tarrenna pavettoides
Vepris lanceolata
Zanthoxylum capense
Zanthoxylum davyi




Appendix c

Species codes, common and scientific names of frugivores (birds) in the networks across all
matrix habitats;, nomenclature follows (Chittenden 2007).

Species code

Common name

Scientific name

B1 African Green-pigeon Treron calvus

B2 African Olive-pigeon Columba arquatrix

B3 Barratt's Warbler Bradypterus barratti
B4 Black-bellied Starling Lamprotornis corruscus
B5 Black-collard Barbet Lybius torquatus

B6 Black-headed Oriole Oriolus larvatus

B7 Brimstone Canary Crithagra sulphuratus
B8 Bush Blackcap Lioptilus nigricapillus
B9 Cape Glossy Starling Lamprotornis nitens
B10 Cape Turtle-dove Streptopelia capicola
B11 Cape Weaver Ploceus capensis

B12 Cape White-eye Zosterops virens

B13 Cape Robin-chat Cossypha caffra

B14 Chorister Robin-chat Cossypha dichroa

B15 Collared Sunbird Hedydipna collaris
B16 Crowned Hornbill Tockus alboterminatus
B17 Dark-backed Weaver Ploceus bicolor

B18 Dark-capped Yellow Warbler Chloropeta natalensis
B19 Dark-capped Bulbul Pycnonotus tricolor
B20 Olive Sunbird Cyanomitra olivacea
B21 Forest Canary Crithagra scotops

B22 Garden Warbler Sylvia borin

B23 Green Wood-hoopoe Phoeniculus purpureus
B24 Grey Sunbird Cyanomitra veroxii
B25 Knysna Turaco Tauraco corythaix
B26 Lemon Dove Aplopelia larvata

B27 Southern Double-collared Sunbird  Cinnyris chalybeus
B28 Malachite Sunbird Nectarinia famosa
B29 Marsh Warbler Acrocephalus palustris
B30 Olive Thrush Turdus olivaceus

B31 Orange Ground-thrush Zoothera gurneyi

B32 Red-eyed Dove Streptopelia semitorquata
B33 Red-fronted Tinkerbird Pogoniulus pusillus
B34 Red-capped Robin-chat Cosspypha natalensis
B35 Red-winged Starling Onychognathus morio
B36 Scarlet-chested Sunbird Chalcomitra senegalensis
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B37
B38
B39
B40
B41
B42

B43
B44
B45
B46
B47
B48
B49
B50
B51
B52
B53
B54

Sombre Greenbul
Southern Black Tit
Speckled Mousebird
Spectacled Weaver
Streaky-headed Seedeater
Tambourine Dove

Terrestrial Brownbul
Thick-billed Weaver
Trumpeter Hornbill
Village Weaver
Violet-backed Starling
White-starred Robin
Willow Warbler

Yellow Canary
Yellow-rumped Tinkerbird
Yellow Weaver
Yellow-fronted Canary
Yellow-streaked Greenbul

Andropadus importunus
Parus niger

Colius striatus

Ploceus ocularis
Crithagra gularis
Turtur tympanistria

Phyllastrephus terrestris
Amblyospiza albifrons
Bycanistes bucinator
Ploceus cucullatus
Cinnyricinclus leucogaster
Pogonocichla stellata
Phylloscopus trochilus
Crithagra flaviventris
Pogoniulus bilineatus
Ploceus subaureus
Crithagra mozambica
Phyllastrephus flavostriatus
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Appendix d

List of woody plants used in this study. Given are their scientific and family names, fruit weights

and fruiting period for each plant species. Nomenclature follows Boon (2010).

Plant species Family Mean fruit weight Fruiting period
Protorhus longifolia  Anacardiaceae 0.605 Sep - Dec
Searsia chirindensis  Anacardiaceae 0.099 Dec - Apr
Bridelia micrantha ~ Euphorbiaceae 0.408 Nov - Apr
Trema orientalis Celtidaceae 0.013 Feb - Nov
Celtis africana Celtidaceae 0.160 Oct - Apr
Clerodendrum Lamiaceae 0.535 Feb - Jul
glabrum

Phoenix reclinata Arecaceae 0.726 Jan - Aug
Antidesma venosum  Euphorbiaceae 0.083 Jan - May
Syzygium cordatum  Myrtaceae 1.050 Oct - Jan
Harpephyllum Anacardiaceae 5.350 Jan - Sep
caffrum

Croton sylvaticus Euphorbiaceae NA Dec - May
Shirakiopsis Euphorbiaceae NA Nov - Mar
elliptica

Rapanea Myrsinaceae 0.258 Aug - May
melanophloeos

Searsia Anacardiaceae 0.020 Mar - Jul
rehmanniana

Schinus Anacardiaceae 0.301 Sep - Apr
terebinthifolius

Syzygium paniculata  Myrtaceae 0.432 Jan - May
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