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Abstract

The savanna ecosystem is water and, in some instances, nutrient-limited, creating competition
among species. Species, however, coexist in this ecosystem through processing like facilitation
acting together with competition. Facilitation is an ecological interaction in which one species
enhances the habitat of another species. Research on facilitative interactions between birds and
plants has mainly focused on pollination and seed dispersal, but many birds interact closely
with plants at the nesting site during breeding or even year round for nesting and roosting.
These interactions are not always reciprocally beneficial, but with costs and benefits that
change in spatio-temporal contexts, especially in resource-constrained arid zone environments.
The overall impacts of bird nesting, especially colonial species, on the growth and reproduction
of host trees can be large, with these interactions potentially being crucial components of
ecosystems. Overall, understanding the nature of the interactions between host trees and
nesting birds may provide key information on understanding the life history of species and their
communities. I, therefore, test the hypothesis that the interactions between animals and plants
in the savanna ecosystem enhance the islands of fertility created by trees, which influences the
growth and survival of vegetation in the environment. I used the interaction between sociable
weavers (Philetairus socius) and their host trees (camelthorn Vachellia erioloba and shepherd
Boscia albitrunca) to test this hypothesis. I predicted that trees that host the sociable weaver
nest would have benefits and costs in the interaction, influencing the growth and reproduction

of host trees differently from trees without a nest.

I found that soils under trees without nests were characterized by higher N (2.3-fold) and P
(1.3-fold) compared to grassland areas. However, I found that soils under nest trees had even
higher concentrations of N (3.5-fold) and P (4.1-fold) than soils under trees without nests.
Therefore, nest trees and trees without nests create islands of fertility, but nests accentuate

nutrient accumulation. Soil C and N increased with increasing tree size and colony size.



Seedling growth was significantly greater in the soils from islands of fertility that were
accentuated by weaver nest presence. Seedlings grown in soils from bird islands of fertility
showed more growth in shoots, while seedlings in grasslands showed more growth in roots,
and lastly, tree islands of fertility were intermediate in both. There was significantly greater
mean seedling height (1.4-fold) and the number of leaves (1.4-fold) in soils from bird islands
of fertility than in both tree islands of fertility and grassland sites. The foliar nutrient
stoichiometries of seedlings grown on nest-accentuated islands of fertility were similar to the
stoichiometric ratios in soils from bird islands of fertility, showing that the faecal input of the
sociable weaver accounts for the growth differences in these islands of fertility. The benefits
for trees that host sociable weaver nests include higher foliar N, P, K, and Ca. Trees hosting
nests did not show differences in seed weight, number of seeds per pod and pod weight. Seed
nutrients did not vary substantially between trees with and without a nest. Seed germination
and emergence did not differ between trees with and without a nest. There was, however,
significantly shorter seed germination and emergence time in seeds infested with beetles than
in seeds with no beetle infestation.

The costs of hosting a sociable weaver nest include lower soil water infiltration rates under nest
trees with larger colony sizes, which limits seed germination, despite good seed banks and
nutrient-rich soils. There was also an average of 30% reduction in the photosynthetic area of
nest trees, significantly more and larger branch fall in nest trees, and a mean of 39% dead
terminal nest branches. The rate of dieback in trees was higher (ca. 6-fold) for nest trees than
for trees without a nest. Trees with nests have significantly greater damage from beetles to the
seeds (50% infestation) than trees without nests (34% infestation). Beetle-infested seeds in nest
trees had a significantly high percentage of seeds that failed to emerge after germination than

beetle-infested seeds in control trees.

The ecological engineering activities of sociable weavers address the limitations of nutrients

for the growth of the host tree in an arid zone savanna, but there is also a growth and



reproductive cost for the host trees. The biotic interaction between sociable weavers and their
host trees facilitates the survival of host trees in the resource-constrained arid zone savanna
environment. In this interaction, there are growth costs to hosting the nest, but there were no
substantial reproductive costs to host trees except for a high beetle infestation of host seeds.
These combinations of feedback also establish the camelthorn and shepherd trees as powerful
ecosystem engineers. The study also contributes to the literature on ecological engineering,
showing how the association between the sociable weavers and savanna trees ameliorate

conditions in N-limited desert soils which drives the growth of plants in this soil condition.
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Chapter 1: General Introduction

About a fifth of the Earth's surface is made up of savannas and similar ecosystems (Huntley &
Walker 2012; Wagner et al. 2018) and forms about 40% of southern Africa (Wagner et al.
2018). Savannas serve as habitat for animals and have great potential for tourism, conservation,
and livestock farming (Safriel ef al. 2005). Most of the savannas in southern Africa are semi-
arid or arid rainfall less than 600 mm (Sankaran et al. 2005). The savanna vegetation comprise
grasses and trees coexisting (Huntley & Walker 2012; Wagner et al. 2018) and the vegetation
structure is regulated by competition between the grasses and trees (Bond 2008; Cramer et al.
2010). However, the co-existence between grasses and trees is possible due to ecological
processes such as facilitation operating in addition to competition (den Boer 1986; Fargione &

Tilman 2002; Callaway 2007).

Facilitation is an essential ecological process in which one organism ameliorates the habitat of
another organism (Bronstein 2009). Entire communities are built on many habitat-modifying
species, which Dayton (1975) referred to as “foundation species”. Jones et al. (1997) coined
this process as “ecosystem engineering” and the species that modify habitats as “bioengineers.”
Facilitative or positive interactions benefit at least one of the participants and harm neither, but
facilitative interaction in which both species benefit is considered mutualism (Stachowicz
2001). Some well-studied facilitative interactions are those between animals and plants, like
pollination and seed dispersal mutualism (Stachowicz 2001). Studies on mutualistic
interactions have shown that these interactions are not always reciprocally beneficial, but the
extent of costs and benefits will vary spatiotemporally (Bronstein 1994a). In mutualisms, there
are costs and benefits to both participants, but it is only mutually beneficial if the benefits are

more than the costs (Bronstein 2001a; Holland et al. 2004; Morris et al. 2010).

The benefits of mutualism can be diverse, ranging from the acquisition of nutrients, the

movement of partners or their offspring, and protection from biotic and abiotic factors (Holland



2002). Other benefits of mutualism include habitat provisioning, increased growth, facilitated
reproduction, and parasite grooming (Hale & Valdovinos 2021). About 1/3 of crop production
is pollinated by animals (Klein ez al. 2006). Reciprocal beneficial interactions could also result
in a reproductive, energetic or survival cost to one of the participants. When one party in
mutualism does not reciprocate, these can ultimately result in fitness cost to the other party
(Bronstein 2001b). For instance, the mutualism between the ant defenders and aphids
sometimes results in the ant defenders eating the aphids rather than protecting them from
natural enemies (Offenberg 2001). When an animal does not transfer pollen after feeding on
the plant’s nectar, it could result in failure of the reproduction of the host plants (Bronstein
2001a) especially for plants that are widely dispersed from each other or with fewer population.
Mutualistic interactions are therefore not considered exclusively beneficial but could result in
a cost to host species. The interactions between birds and plants have mostly been mutualistic,
where birds pollinate, eat and disperse plant propagules (Garcia 2016). Another dimension of
the interaction between birds and trees is where birds use the tree as nesting or roosting sites.
Trees offer a platform for birds to nest, roost, and forage (Kaur & Kumar 2020). Even with
aquatic birds that inhibit waterbodies for feeding prefer to nest on trees (Sandhu 1993). The
nesting and roosting activities of birds on trees result in damage and, subsequently, contribute
to death of host trees despite the high faecal deposit by these birds, which enriches the soil
(Gilmore et al. 1984; Moore et al. 1995; Shieldcastle & Martin 1997; Natusch et al. 2017). In
savanna ecosystem, large scattered trees can serve as keystone species due to their complex
canopy structure and large trunk cavities, which serve as shelter for several animal species,
including nesting birds (Diaz et al. 2013; Lindenmayer et al. 2013). In this ecosystem, birds
can damage these keystone tree species, especially when combined with harsh environmental
conditions (Fedriani et al. 2017). The potential costs and benefits of the nest-building behaviour
of colonial birds on the growth and reproduction of host trees are less documented in the arid

zone, unlike the forest ecosystem. The aggregation of birds in colonies in host trees for



extended periods will have local consequences. These changes could be beneficial due to the
input of faunal nutrients to improve soil fertility and productivity, or they could be detrimental

to the host trees and other living organisms in the environment.

Faunal nutrient input has the potential to positively affect the growth of the host plant. There
is evidence of significant amounts of nutrients supplied by colonial breeding birds at their
roosting or nesting sites in the terrestrial ecosystem (e.g., Smith 1984; Ryan & Watkins 1989;
Qin et al. 2014). For example, significant increases in leaf and soil N, P, and Zn levels in
seabird interaction with island forest vegetation (Erskine ez al. 1998; Anderson & Polis 1999;
Garcia et al. 2002). Birds that feed on arthropods may also decrease local arthropod densities
in trees, reducing subsequent damage to leaves (van Bael er al. 2003). However, excessive
faunal faecal deposition can cause soil damage, kill woody vegetation, and dramatically alter
soil chemistry (Weseloh & Ewins 1994; Hebert et al. 2005). Physical vegetation damage
through branch breaking, death of host plants, and deposit of excreta on leaves of host trees
have also been reported for seabirds and forest birds (Mulder & Keall 2001; Ellis 2005; Havik
et al. 2014; Otero et al. 2015; Natusch et al. 2017). Despite the ubiquitous nature of biotic
interactions between birds and their host trees, much of our current knowledge of these positive
interactions and their effects on communities and ecosystems is based on forest and marine
ecosystems research (see Mulder & Keall 2001; Ellis 2005; Havik et al. 2014; Otero et al.
2015; Natusch et al. 2017). Whether and how colonial birds impact the performance and
survival of host trees in the arid environment remains less explored. Increasing our knowledge
of biotic interactions in the desert ecosystem will provide a better understanding of this
phenomenon. I, therefore, test the hypothesis that the interactions between animals and plants
in the savanna ecosystem enhances the islands of fertility created by trees which influences the

growth and survival of vegetation in the environment.



I used the interaction between the sociable weaver and its host trees Vachellia erioloba, and
Boscia albitrunca trees, to explore the costs and benefits of hosting colonial birds in an arid
environment. The sociable weavers are passerine birds, about 14cm long, with light bluish-
grey legs and bill (Figure 1.1D). They build a massive nest of about 1-5 m wide (Figures 1.1A
and 1.1B). The nest has chambers (Figure 1.1C) for roosting or breeding by a pair with their
offspring or other birds. A colony of sociable weavers consists of many conspecifics using the
same nest (if there is only one nest per tree) or the same tree (if there are several nests per tree).
The colony's size varies from 2 to 500 individuals per colony (Maclean 1973a). The sociable
weaver is endemic to the dry Acacia savannas in the Kalahari ecosystem of Southern Africa
(Spottiswoode 2005). The diet of the sociable weaver consists of approximately 80% animal
material (mostly harvester termite Hodotermes mossambica), and the remaining are seeds of
grasses and other plant products. However, the young eat mainly animal food. They usually
feed within a 1.5 km range of their nest (Maclean 1973c¢). The sociable weavers are colonial
and continue to use the same nest for generations. They defecate outside their nest, and their

faeces form a massive pile under the nest mass (Figure 1.1E).

The camelthorn tree Vachellia erioloba is one of the most robust and large trees and the most
preferred tree for sociable weavers in the Kalahari (Figure 1.1A). The camelthorn is a protected
species under the National Forests Act, 1998 (Act No. 84), which prohibits the removal of dead
or living trees (Seymour & Milton 2003). It is a leguminous tree and begins flowering from
August to September, and in February, the pods reach full size and swell in March (Barnes
2001a). Insects and mammals consume the seeds and pods of camelthorn. Camelthorn trees
perform ecological roles such as reduction in nutrient leaching, reduction of soil erosion on
steeps, and increase nutrients under trees through nutrient cycling and concentration of
livestock dung (Materechera and Materechera 2001; Barnes 2001b). The shepherd tree Boscia

albitrunca (Figure 1.1B) is also a protected species under the National Forests Act, 1998 (Act



No. 84), which prohibits the removal of a dead or living tree or parts without permits. Shepherd
trees are non-leguminous but contribute to the cycling of nutrients in mainly oligotrophic sands
and perform other ecological services such as reducing nutrient leaching, mitigating soil
degradation, preventing soil erosion, and replenishing organic matter (Alias & Milton 2003).
Like camelthorns, the seeds of shepherd trees are endozoochorous (Dean et al. 1999; Leistner
1996; van der Walt & le Riche 1999), but unlike the camelthorn, shepherd tree seeds are non-
dormant, with a short viability period (Briers 1988). The endozoochorous nature of the seeds
makes them quickly establish under other large trees that provide shade for mammals like the
camelthorn (Milton & Dean 1995; Dean et al. 1999; Leistner 1996). Since the recruitment of
shepherd trees depends on large trees like the camelthorn, threats to camelthorn indirectly

threaten shepherd trees (Alias & Milton 2003).



Figure 1.1: Camelthorn tree (A) and shepherd tree (B) with the sociable weaver nest. A view
of the sociable weaver nest from below shows the entry holes into the chambers (C). A sociable
weaver (D) waiting outside the nest before it enters its chamber. A pile of the sociable weaver

and mammalian faecal matter with grass nest materials under the nest tree (E).



In the Kalahari of Southern Africa, the interactions between sociable weavers and their host
trees have existed for many years (see the first description of the sociable weaver by Paterson
1789; where he drew the sociable weaver perched on camelthorn tree), but little is known about
the potential benefits and costs of this interaction for the host trees. However, Prayag et al.
(2020) showed how camelthorn host trees obtain nutrients from the faecal deposition of the
sociable weaver. The colonial nature of sociable weavers and their continuous use of the same
nest for generations make this interaction an excellent study system for studying the benefits
and costs of hosting colonial birds in an arid environment. Other animals, including insects,
birds and mammals, use this nest (Lowney & Thomson 2021) for foraging, shade, territorial
behaviours, and roosting sites. This results in the deposition of faecal matter, nest materials,
and carcasses in the vicinity of the host trees. In an otherwise nutrient-poor sandy desert
environment, the flux of nutrients under these colonies could provide abundant nutrients to the
host trees. It may stimulate further plant growth under trees. Ironically, the area below the nests
is devoid of vegetation, creating a circular soil patch under the tree. Therefore, hosting colonial
birds could have detrimental effects on host trees, such as nutrient toxicity, herbivory, branch

breaking, reduced photosynthetic area, reduced leaf biomass, and reproductive limitations.

The nature of the interaction between the sociable weaver and its tree hosts is not thoroughly
studied. Prayag et al. (2020) reported high soil nutrients under host trees, but we do not know
whether the high nutrient input is influenced by the tree species and the size of the trees that
host the nest. In addition, the influence of colony size on soil fertility is not established.
Furthermore, understanding the effect of these high nutrients under the nest trees on the growth
of host seedlings, host trees, and the accompanying reproductive consequences would give a
broader understanding of this biotic interaction. Since both the sociable weaver (Lowney &
Thomson 2021) and the host trees are considered ecosystem engineers ( Dean et al. 1999:

Seymour & Milton 2003), understanding their interactions is essential to know how they impact



the rest of the Kalahari plant and animal communities. This research has significant applied
and conservation value. The findings of this research will offer insights into the study of animal
aggregations and biotic interactions between birds and trees. It will set the stage for more
detailed investigations into the dynamics of other potentially crucial animal aggregation-host

tree interactions.

To test the overarching hypothesis, I set out four data chapters with four specific hypotheses to
establish the potential costs and benefits of hosting the colonial nest of the sociable weaver nest
in an arid environment. The first data chapter (Chapter 2) explored the influence of sociable
weavers on creating an island of fertility through their faecal deposition beneath the host trees.
I hypothesised that the presence of trees and sociable weaver nests alters soil properties in a
size-dependent fashion, creating islands of fertility that vary with tree species due to differences
in nitrogen fixation ability and tree size. Furthermore, I hypothesise that the area devoid of
vegetation under the nest trees results from physiological drought (a combination of high
fertilisation level and low water infiltration rate), lack of viable seeds, and the inability of the

nest soils to support plant growth due to nutrient toxicity.

In chapter 3, I explored the growth of host tree seedlings (camelthorns) in soils influenced by
the faecal matter of the sociable weaver (bird islands of fertility), soil under trees without nest
(tree islands of fertility) and grassland sites and how these influence foliar nutrient
concentrations and stoichiometries. I hypothesised that the savanna grasslands, the tree islands
of fertility, and the bird islands of fertility differ in both the concentrations and stoichiometries
of soil nutrients due to the different sources of nutrients (mammalian and sociable weaver
droppings), and this subsequently determines the growth and foliar nutrient concentrations and

stoichiometries of plants that grow in these soils.



In Chapter 4, I explored the growth benefits of the presence of the sociable weaver nest through
its faecal deposit on the host trees. I hypothesised that the presence of the sociable weaver nest
on host trees and the deposition of faunal nutrients under the trees would result in positive
feedback to host trees that vary with host tree species and negative feedback that also vary with
host tree species and intensifies with nest area cover. I explored how the nest influences the
foliar nutrient concentrations of host trees and leaf biomass. I also examined the growth costs

for host trees by assessing branch health and tree mortality.

In Chapter 5, I explored the reproductive fitness of camelthorn host trees. I studied the benefits
and costs of the sociable nest for host trees in terms of pods and seed quantity and quality, seed
nutrients, germination and emergence. I hypothesised that the higher supply of nutrients to
camelthorn trees that host sociable weaver nests would positively influence the quantity and
quality of the pods and seeds produced and alter the germination and emergence of host seeds.
I also hypothesise that the sociable weaver nest on camelthorn trees would attract more beetles
since the nest serves as a refuge and, therefore, negatively influences the quality of the seeds

produced and reduces the germination and emergence of host tree seeds.

Chapter 6 discusses the findings of the study in relation to the overarching hypothesis and
discusses the possible implications of the cost and benefits of the sociable weaver nest for the
host trees and the conservation implications for the Kalahari ecosystem. The limitations of the

study and recommendations for future research are also discussed in this chapter.

Chapters 2-5 have been written in the form of a manuscript to facilitate their publication.
Therefore, there might be repetition in the introductions and methods. Also to avoid repetition
in referencing all literature cited, I compiled in a single list towards the end of the thesis.
Supplemental materials for each of the main chapters (Chapters 2-5) are presented at the end

of each chapter.



Chapter 2: Positive feedbacks between savanna tree size and the nutritional
characteristics of “islands of fertility” are amplified by Sociable Weaver

colonies

A modified version of this chapter has been published as:

Aikins, T.K., Cramer, M.D. and Thomson R.L. (2023). Positive feedbacks between savanna
tree size and the nutritional characteristics of “Islands of fertility” are amplified by sociable
weaver colonies, Journal of Arid Environments, Volume 209, 104903,

https://doi.org/10.1016/j.jaridenv.2022.104903.

Abstract

In arid environments, areas of high soil nutrient concentrations are common under woody
plants due to ecosystem functions, including faunal deposition. Sociable weavers (Philetairus
socius) are birds that build nests on camelthorn (Vachellia erioloba) and shepherd (Boscia
albitrunca) trees and their faeces enrich the soil. Nevertheless, the soil under the nests is devoid
of vegetation. I evaluated the hypotheses that the presence of trees and weaver nests alters soil
properties, which vary with tree species and size as well as nest size, but that the area devoid
of vegetation under nest trees is due to physiological drought, lack of viable seeds or nutrient
toxicity. I sampled and analysed soil properties under trees with and without a sociable weaver
nest and the grassland between them. Soils under trees were characterized by higher N (2.3-
fold) and P (1.3-fold) compared to grassland areas. Furthermore, soils under nest-trees had
higher N (3.5-fold), and P (4.1-fold) concentrations than soils under trees without nests. Some
soil properties also varied with increasing tree and colony size. Soil water infiltration rate
decreased under nest-trees with increased colony size, limiting seed germination, despite good
seed banks and nutrient-rich soils. This combination of feedbacks establishes these trees as

powerful ecosystem engineers.
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Introduction

“Islands of fertility” that represent biotically induced accumulations of nutrients are typical of
arid environments (Schlesinger et al. 1996; Austin et al. 2004). In these ecosystems, soil
fertility is commonly characterised by high spatiotemporal variability, with higher
concentrations of nutrients under shrub canopies compared to bare ground interspaces between
shrubs (Schlesinger ef al. 1996; Austin et al. 2004; Zhao et al. 2020). The spatial variability in
soil fertility in these arid areas is commonly the result of patchy plant distributions that are
primarily driven by access to water. These vegetation patches may create areas of high organic
matter deposition (e.g., seeds, leaf litter) and high nutrient uptake (Austin et al. 2004; Rotundo
& Aguiar 2005). Nutrient input from animals can also substantially influence soil fertility
(Dean et al. 1999; Cao et al. 2018). In these cases, the spatial clustering of the animal presence
or activity would contribute to spatial heterogeneity in soil fertility (Dean ef al. 1999; Cao et
al. 2018). However, our understanding of how the input of faunal nutrients contributes to the
spatial variability of soil fertility between areas receiving faunal nutrients and those not

receiving faunal nutrients, especially in arid environments, has received less attention.

Woody plants can form islands of fertility without the participation of fauna. For example,
Schlesinger et al. (1996) reported higher available N, P, and K under Larrea tridentata shrubs
than in interspaces between shrubs in the Chihuahuan Desert. Leguminous trees and shrubs
have been found to increase soil fertility through N fixation and rich biomass accumulation
(Fernandez et al. 2020). Higher N content was also reported in soils under leguminous Robinia
pseudoacacia forests compared to other non-leguminous tree forest (Tolgyesi et al. 2020).
Nevertheless, the provision of forage, shade, perches, cover and other resources (Yan et al.
2018) results in woody vegetation islands becoming preferred sites for animals that contribute
to the formation of these fertile hotspots (Aguilera ef al. 1999; Dean et al. 1999). The attraction

of animal taxa should further contribute to the fertile vegetation island effect through faunal
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nutrient input, with the potential to influence soil fertility and the distribution of soil nutrients
(Dean et al. 1999; Cao et al. 2018; Mashizi & Sharafatmandrad, 2020). The nature and
outcomes of this interaction can be determined by the size and species of plants. For example,
Mashizi and Sharafatmandrad (2020) found that some, but not all, shrub species in the arid
dunes had higher plant and animal diversity associated with them compared to the interspace
between shrubs. The size of the shrub also determined the diversity of plants and animals via
their ability to provide habitat. Yet, how characteristics of the host vegetation influence the

extent of the faunal nutrient input remains largely unexplored.

Birds move a diversity of nutrients from distances in ways that few other animals can (Fujita
& Kameda 2016). The majority of the studies on the contribution of birds to the formation of
islands of fertility have focused on sea birds and forest birds and mostly in the temperate
regions (Otero et al. 2018; Natusch et al. 2017). The faecal nutrient inputs by seabirds have
been reported to increase total P in organic soil in the Arctic (Zwolicki et al. 2013; Ziotek &
Melke 2014). The nutrients deposited by metallic starlings (Aplonis metallica) significantly
increased soil nutrients under host trees in the forest ecosystem (Natusch et al. 2017). Birds in
arid environments also have the potential to significantly alter soil nutrient distribution and

contribute to the island of fertility (Dean ef al. 1999; Prayag et al. 2020).

In the Kalahari Desert, several faunal species take advantage of woody plants, gaining benefits
through various mechanisms. Mammals depend on these woody plants for shade, while birds
depend on them to build their nests and roost at night (Lowney & Thomson 2021). Sociable
weavers (Philetairus socius) form a long-term relationship with host trees; mainly camelthorn
trees (Vachellia erioloba) and shepherd trees (Boscia albitrunca) in the Kalahari Desert. They
build huge colonial nests through generations by cooperative effort, with colonies that may
have hundreds of individuals using the nests throughout the year (Maclean 1973a; Lowney et

al. 2020). The sociable weavers act as ecological engineers by building this huge nest which
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attracts diverse animal species, including several other species of birds, reptiles, and insects
(Lowney & Thomson 2022). Sociable weavers deposit their faeces at camelthorn trees that host
the colonies resulting in significantly higher concentrations of soil N, P, and K compared to
camelthorn trees without colonies (Prayag ef a/. 2020). This initial study focussed on the effect
of large sociable weaver colonies and was limited to camelthorn trees; therefore, uncertainty
remains about how generalisable these effects are across the range of tree and colony sizes and
how this varies in other non-legume tree species. In nutrient-poor desert environments (Zhao
et al. 2017), the nutrient flux under these trees with nest colonies may be expected to stimulate
sub-canopy plant growth. However, paradoxically, the area beneath camelthorn and shepherd
trees with nests is devoid of vegetation, creating a bare soil patch under the tree (Figure 2.1).
The reasons for this patch of bare soil remain obscure, although Prayag et al. (2020) suggested

that faunal modification of the soil results in a decrease in the water infiltration rate.

The extent to which the presence of the sociable weaver colony influences the creation of fertile
islands is relevant to fully understanding how these ecosystem engineers impact the
surrounding Kalahari ecosystem. I hypothesized that the presence of trees and weaver nests
alters soil properties in a size-dependent fashion, creating relatively fertile islands that vary
with tree species due to differences in nitrogen fixation ability. Furthermore, I hypothesize that
the area devoid of vegetation under the nest-trees is the result of a physiological drought
(combination of high fertilization level and low water infiltration rate), lack of viable seeds,
and/or inability of the nest soils to support plant growth due to nutrient toxicity. I determined,
for a range of nest colony sizes, whether soils below nests differed from those of matched
neighbouring trees without nests and also from soils in the grassland between trees. I measured
these soil properties based on the constituents of sociable weaver faecal matter (Prayag et al.
2020) and of importance to plants and for understanding ecosystem function (pH, N, C, C:N

ratio, 8'°N, 8!3C, Ca, P, K, and Zn). For example, 8'°N and 8'*C indicate the sources of the soil
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N and C and C:N ratios relate to soil microbial activities. I measured water infiltration rates,

and viable seed loads below nest-trees and grew camelthorn seedlings in soils from nest-trees

and trees without a nest to assess possible nutrient toxicity to this native species.

Figure 2.1: A) Camelthorn tree with a weaver nest and a pile of faecal matter beneath the nest
in the dry season. B) The same tree during the rainy season with an area devoid of vegetation

directly below the nest where the faecal matter accumulates.

Materials and Methods

Study Area

The study was undertaken in Tswalu Kalahari Reserve in the Northern Cape Province, South
Africa (27° 22'S 22° 47' E). Tswalu Kalahari Reserve covers an area of about 1000 km?. The
climate is typically hot and arid, the long-term annual mean temperature is 20.3° C, with an
annual mean maximum of 29.5° C and a minimum of 11.1° C (Cromhout 2006). Rainfall is
highly variable and occurs mainly during summer (December-March), with a mean of 325 per
year and ranging between 175 and 595 mm (van Rooyen & van Rooyen 2017). Tswalu Kalahari
lies in the Desert biome of South Africa and has five different vegetation types (Mucina &
Rutherford 2006). The trees selected for this study were within the Koranna-Langeberg
Mountain Bushveld and the Olifantshoek Plains Thornveld. Permission was obtained from
Tswalu Kalahari Reserve to collect all samples used in this research.
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Study Design

I employed stratified random sampling to select camelthorn and shepherd trees that contained
sociable weaver nests (hereafter nest-trees) out of about 360 nest-trees that have been mapped
in the study area. The sampling involved randomly selecting ca. 50% of trees closer to the
rocky mountain areas and the remaining 50% in the dunes (away from the mountain). For each
selected nest-tree, I chose a tree without a nest of the same species that had a similar height and
trunk diameter at breast height (DBH) as the paired nest-tree. Trees without nests were chosen
near nest-trees (mean 78 m; range 16 m — 192 m) to account for spatial variation in the study
area. Our sampling resulted in 33 camelthorn nest-trees, paired with 33 camelthorn trees
without a weaver nest. Similarly, 28 shepherd nest-trees and 28 paired shepherd trees without
a nest. The mid-point between each nest-tree and its paired tree without a nest was marked as

a “grassland” site, as a reference for the potential soil nutrient enrichment driven by trees alone.

I measured circumference at breast height with a tape measure and then converted it to DBH
by dividing the circumference by pi (3.14). I also measured the heights of all 122 trees using a
hypsometer (Nikon Forestry Pro, Nikon Vision Co., Ltd, Tokyo, Japan) (Table 2.1). Sociable
weaver nests exist as a mass of individual chambers; the number of individual nesting chambers
per colony was counted (Table 2.1). The number of chambers gives a good proxy for the size
of the colony and the number of individual sociable weavers in that colony (Leighton &

Echeverri 2014).

Soil sampling

Soil samples were taken at each of the sites (nest-tree, tree, and grassland sites; i.e. 183
samples). Soil samples from nest-trees were collected directly under the nests and active
chambers. Any accumulated faecal matter was removed from the soil surface and samples were

taken with an auger (7 cm diameter) to a depth of 20 cm as the soil below the depth of 20cm
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did not clearly show the effect of the faecal input of the sociable weaver on soil nutrients
(Prayag et al. 2020), although the trees were able to access the nutrients as shown by the

significant effects of the sociable weaver faeces on the 8'°N values.

Soil samples taken from trees without a nest (and grassland sites) matched the distance between
the trunk of the tree and the soil sampling point of the nest-trees. Soil samples were bagged in
the field, air-dried for 48 h (soils were already dry at collection), and sieved through a 2 mm

mesh.

Soil nutrient and pH analysis

The soils were coned and quartered (Gerlach et al. 2002) to sub-sample the soils for the various
tests. The dry sub-sampled soils from each sampling point were milled to a fine powder using
a mortar and pestle. The milled soil samples were placed in sample cups sealed with 4 ym
Polypropylene film (Chemplex Industries Inc, Florida, USA) and subjected to analysis on an
energy dispersive benchtop X-ray fluorescence analyser (Spectro Xepos spectrometer, Spectro,
Amatek, Kleve, Germany). The analysis was controlled by data acquisition software (Spectro
X-Lab Pro), which incorporates TurboQuant software for automatic correction of matrix
effects. The instrument was calibrated using a certified standard GBWO07312 (National
Research Center for Certified Reference Materials, Beijing, China), for which elemental
concentrations were obtained from the NOAA Technical Memorandum NOS ORCA 68
(1992). To correct our results for the presence of carbon, I used gravimetric loss on ignition
(LOI). Air-dried soil samples were oven-dried at 105 °C for 24 h and then weighed into
crucibles (ca. 20 g). The samples were then subjected to 550 °C for 3 h before being allowed

to cool, kept in an oven at 105 °C, and then reweighed (Hoogsteen et al. 2015).
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C and N and their stable isotope ratios (8'°N and 8'*C) were measured at the Department of
Archaeology (University of Cape Town) using a mass spectrometer. Air-dried and sieved
ground soil samples (40 mg) were weighed in tin capsules (Elemental Microanalysis Ltd,
Devon, UK). These were then combusted in a Flash 2000 organic elemental analyzer (Thermo
Scientific, Bremen, Germany), and the gases were passed to a Delta V Plus isotope ratio mass
spectrometer (IRMS) via a Conflo IV gas control unit (Thermo Scientific, Bremen, Germany).
Results were calibrated using two in-house standards and one IAEA standard. The in-house
standards used were: Choc, Sucrose (Australian National University), Valine (from Sigma),
Merck Gel (by Merck), and NH4Cl. All in-house standards have been calibrated against IAEA

(International Atomic Energy Agency) standards.

Soil pH was determined using the methods of McLean (1982). A 25 ml 1 M KCl solution was
added to 10 g air-dried soil in plastic tubes with lids. Soil mixtures were shaken for 20 minutes.
After settling for 1 hour, the sample pH was taken using a calibrated Edge multiparameter

digital electrode meter (Hanna Instruments Ltd, Bedfordshire, UK).

Soil water infiltration rate

Soil water infiltration was measured using a single-ring flooding infiltrometer (10 cm in
diameter and 13 cm in height) with a standard pressure bottle (McCarthy 1934). The ring was
inserted into the soils to a depth of 3 cm at nest-trees directly under the nest-trees, and similar
positions for the corresponding tree without a nest. The area enclosed by the ring was flooded
with water and the time taken for 10 mm of water to infiltrate from the constant pressure bottle
was recorded. Three consecutive measurements were taken at the same location and the

average of the three records was used as millimetre per hour (mm h!).

Soil viable seed load and camelthorn seedling growth
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To determine whether the bare soil patch under the nest-trees is the result of a lack of viable
seeds, I measured seedlings germinating from soils from the nest-trees and trees without a nest.
The soils were from a random sample of the collected soils (n = 48, 12 camelthorn pairs, and
12 shepherd pairs). Soil samples were transported to the University of Cape Town greenhouse
where soils were placed in germination trays (25 x 15 cm). The temperature in the greenhouse
was regulated at 25 °C. The soils were watered each day with an overhead water irrigation
system for 3 minutes at 7 am and 2 pm. The number of seeds that germinated each week was
counted. The cumulative number of seeds that germinated at the end of the 7" week was

recorded as the soil viable seed load, as no further seed germination was observed.

The soil samples were transferred into growing pots and a single seed of camelthorn tree was
planted in each pot. Seeds were obtained from a single camelthorn tree without a nest. Seeds
were mechanically scarified using sandpaper and soaked in water for 24 h before being
transferred to a Petri dish in a phytotron for germination. After, germination, the seeds were
planted in growing pots at 2 cm depth. The heights of the plants were measured 10 weeks after

planting.

Data Analysis

To explore the characteristics of our study system and check the effectiveness of our paired
tree design, I explored the range, mean, and standard error (SE) of the DBH of the tree, the
height of the tree, and the number of nest chambers. I compared the means of DBH and height
between the site (nest-trees and trees) and tree species using linear models. I compared the
means of the number of nest chambers between camelthorn and shepherd nest-trees using the

Student’s t-test.

Initial exploration of the data indicated heteroscedasticity and this was controlled for with

appropriate variance functions; model = Ime (Y ~ X, random=~I1|S, data=df,
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weights=varldent(form=~1|X), method = “REML”). I ran linear mixed models (LMM) in R
(version 4.0.3) using the nlme package to test soil properties as the response variables (all were
normally distributed) and added fixed effects of tree species (camelthorn, shepherd trees), site
(nest-tree, grassland, or tree), DBH and number of chambers (a proxy for colony size). I used
the “Anova()” function (in car package) to test whether the model terms explain a significant
proportion of the variation of the data. Pairwise comparisons of the levels of fixed factors (site
and species) were also considered if these terms proved to explain significant variation in the
models using the emmeans. The p-values in the multiple pairwise comparisons were adjusted
using the Tukey method.

First, I tested the assumption that trees alone create islands of fertility. I used site (grassland
and trees without nest) and tree species as fixed factors, and their interaction in our models. In
all models, the interaction terms were removed if not explaining significant variation (p > 0.05).
Pair identity (trees without nest and grassland pairs) was included as a random effect. Secondly,
I tested the hypothesis that the presence of sociable weaver, tree species and tree size influence
the formation of relative fertile vegetation island. I included site (nest-trees and trees without
nest), tree species, and DBH as fixed factors and the interaction of site and tree species. Pair
identity (nest-tree/tree without nest pairs) was included as a random effect. Third, I investigated
whether the size of the tree and the size of the colony could affect the properties of the soil.
Here I used both the nest-tree and the tree without a nest for the tree size effect and only the
nest-trees for the colony size effect (I did not include the tree size in the colony size model
because the tree size and the colony size were colinear). Finally, I was interested in the area
devoid of vegetation under the nest-tree and testing why these areas remain bare. I used the soil
water infiltration rate, the viable soil seed load, and the initial growth of camelthorn seedlings
(seedling height) as our response variables. I included sites (nest-trees and trees without nests)
and tree species as factors. Pair identity (nest-tree/tree without nest pairs) was included as a

random effect.
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Results

Characteristics of the study system

Camelthorn nest-trees had a significantly greater mean DBH (p < 0.001) and height (p <0.001)
compared to camelthorn trees, shepherd nest-trees, and shepherd trees (Table 2.1). For
shepherd trees, there were no differences in DBH between nest-trees and trees but they differed
in height, nest-trees being taller than trees (Table 2.1). Nests in camelthorn trees were larger
(more nest chambers) than shepherd nests (t = 5.76, p < 0.001) and also had more chambers
per DBH (2.23 vs 1.29 per cm) and more chambers per height (16.4 vs 9.1 chambers per m).

Since there are differences in DBH and height, I included tree characteristics in our analysis.

Table 2.1: Characteristics of trees with and without sociable weaver nests randomly selected
for the study. The range, mean and standard error (SE) of diameter at breast height (DBH),
height, and the number of nest chambers are provided. Different letters associated with mean
values indicate significant differences (P < 0.05) as determined by the Tukey post-hoc test

(DBH and height) and the Student's t-test (nest chambers).

Tree species DBH (cm) Height (m) Nest Chambers
Mean + SE  Range Mean + SE Range Mean £+ SE = Range

Camelthorn

Nest-trees (n =33) 42 +1.9° 14-70 572+£0.23° 2.8-8.6 94 + 7° 12-189

Trees (n = 33) 35+1.32 22-50 496 +0.20° 3.2-74

Shepherd

Nest-trees (n =28) 34+1.2a 23-52 481 £0.16b 4.0-7.0 44 + 4a

Trees (n =28) 31+1.6a 21-56 426+0.13a  3.0-6.0

Do trees create islands of fertility?
The soil pH, 8'3C, and the C:N ratios of grasslands did not differ between the tree species
(Figure 2.2, Table S2.1), but the soil N, 8'°N, and C in grasslands were lower in sites associated

with shepherd than with camelthorn trees. There was higher soil pH under trees of both species
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than in grassland sites. Soil N was significantly higher under both leguminous camelthorn (2.3-
fold) and shepherd trees (2.2-fold) relative to their respective grassland sites. Similarly, soil C
was also higher under both camelthorn (2.4-fold) and shepherd trees (2.2-fold) compared to

their grassland sites.

Soil 35N values under camelthorn trees were not different from those of adjacent grasslands,
while those of shepherd trees were significantly higher than those of adjacent grasslands
(Figure 2.3). Soil 8!°C values were significantly lower under both camelthorn and shepherd
trees compared to the grasslands. The C:N ratios in the soil were lower under shepherd trees
than in camelthorn trees, but this did not differ between sites for both tree species. The soil K,
Ca, and Zn of the grasslands did not differ between the associated tree species (Figure 2.3)
while the soil P was higher in the shepherd tree grasslands than in the camelthorn tree
grasslands. There was a higher soil P under shepherd trees than under camelthorn trees. The

soil P, K, Ca, and Zn under trees were higher than those of the grasslands of both tree species.
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Figure 2.2: Soil properties measured under trees and in grasslands. The measured properties
include soil pH, N, 8'°N, C, §'*C, and C:N ratio. The boxes and horizontal lines represent the
first and third quartiles and the medians, respectively. The whiskers represent 1.5 x the
interquartile range. Outliers above/below are shown as dark points. Circles represent the mean,

and letters indicate a pairwise comparison between species and sites.

22



Camelthorn ‘ | Shepherd Camelthorn ‘ | Shepherd
0.204 Spp.: p=0.001 R Spp.: p=0.045
Site: p<0.001 ° Site: p=0.003
L]
1.4
0.151
' '
—_ ° — 12
o X
0.101
1.01
0.051 . 0.81
L]
Grassland Tree Grassland Tree Grassland Tree Grassland Tree
Camelthorn ‘ | Shepherd Camelthorn ‘ | Shepherd
Spp.: p=0.033 o o Spp.: p=0.009
0.5 Site: p<0.001 Site: p< 0.001
L] L] L]
0.0030 1
0.4 ° .
0.0025 1 .
0.3 —_
8 1j 0.00201
0.2 @
@ 0.0015 1
0.14
0.0 0.00101 °
Gras'sland Tree Gras'sland Tree Gras'sland Tree Gras'sland Tree
Site Site

Figure 2.3: Plant-available soil minerals (P, K, Ca, and Zn) found in soils below trees and
grasslands. The boxes and horizontal lines represent the first and third quartiles and the
medians, respectively. The whiskers represent 1.5 X the interquartile range. Outliers

above/below are shown as dark points. The circles represent the mean.
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Do sociable weaver nests enhance islands of fertility?

After accounting for tree size, soil N and C were significantly explained by the interaction
between the sites (presence or absence of a sociable weaver nest) and tree species (Figure 2.4,
Table S2.2). Both camelthorn and shepherd nest-trees showed significantly higher C and N
compared to the trees without nests. Camelthorn nest-trees had a 5.0-fold increase in soil N and
a 3.5-fold increase in soil C while shepherd nest-trees had a 3.5-fold increase in soil N and a
2.0-fold increase in soil C. The soil C:N ratio was significantly explained by both site and tree
species (Figure 2.4, Table S2.2). The nest-trees of both species showed lower values (1.3-fold)
than the trees without nests. Soil C:N ratio was significantly lower under shepherd nest-trees

than in camelthorn nest-trees.

Our models also showed that the variation in 3!°N was explained by trees with and without
nests (Figure 2.4, Table S2.2). The soil below the nest-trees of both species had significantly
higher levels of 8'°N compared to trees without nests. The soil 8'°N did not, however, vary
between camelthorn nest-trees and shepherd nest-trees. Soil §'3C was significantly explained
by the interaction between the site (that is, a tree or nest-tree) and the tree species. The
camelthorn nest-tree soils had significantly higher '*°C compared to camelthorn trees without

a nest, a difference not found between shepherd trees with and without nests.

The variation in soil P, K, Ca, and Zn was explained by the presence or absence of nests (Figure
2.5, Table S2.2). The nest-trees of both species showed significantly higher levels of these
nutrients in the soil compared to trees. The interaction between the site and the tree species was
not significant and was removed from the model, indicating that the trends of these soil
minerals between trees and the nest-trees were the same for both tree species. Tree species
explained significant variation in soil P but not K, Ca, and Zn for nest-trees. The soil under the

shepherd nest-trees showed higher levels of soil P than the camelthorn nest-trees.
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Soil nutrient stoichiometry under the nest-trees differed significantly from the faecal matter of
the sociable weaver. The N:P, Ca:P and Zn:P ratios (in mmoles) of the faecal matter of the
sociable weaver (N:P = 12.4, Ca:P = 0.72 and Zn:P = 0.008) were higher compared to the soils
of the nest-trees (N:P = 1.48, Ca:P = 0.6 and Zn:P = 0.000005). However, the K:P ratio was

significantly higher in nest-tree soils (2.44) compared to the faecal matter of the sociable

weaver (1.01).
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Figure 2.4: Soil properties (soil pH, N, 8'°N, C, 8!*C, and C: N ratio) measured under two tree
species (camelthorn and shepherd trees) either with or without sociable weaver nests present.
The boxes and horizontal lines represent the first and third quartiles and the medians,
respectively. The whiskers represent 1.5 x the interquartile range, and the outliers above/below

are shown as dark points. Circles represent the mean, and letters indicate a pairwise comparison

between species and sites.
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Figure 2.5: Plant-available soil minerals (P, K, Ca, and Zn) found in soils below two species
of trees (camelthorn and shepherd trees) and site (nest-tree and tree). The boxes and horizontal
lines represent the first and third quartiles and the medians, respectively. The whiskers
represent 1.5 x the interquartile range, and the outliers above/below are shown as dark points.

Circles represent the mean, and letters indicate a pairwise comparison between species and

sites.
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Effects of tree size on the formation of the island of fertility

Our model shows that the interaction between site and DBH explained significant variation in
soil C and N (Table S2.3). DBH did not explain all other soil properties investigated. Therefore,
I tested the relationship between DBH and soil C, as well as soil N separately, for nest-trees
and trees. For nest-trees, there was a positive increase of soil C and N with increasing DBH of
shepherd trees, but this was not the case in camelthorn trees (Figures 2.6A and 2.6B). This
indicates that nest-trees with larger DBH have higher soil C and N under shepherd trees. The
coefficient of determination (R?) of our regression model shows that the DBH of shepherd trees
explains 34% of the variations in soil N and 31% of the variations in soil C. However, the size

of the tree did not explain significant variations in the levels of soil C and N for tree sites.

Effects of colony size on the formation of the island of fertility

The variation in soil N, C, and Ca was explained by colony size, after accounting for tree
species and tree size (Figures 2.6D, 2.6E, and 2.6F, Table S2.4). Increasing colony size was
characterized by an increase in soil N and C. Our regression model showed that colony size
explained 22% and 14% of the variation in soil C for camelthorn and shepherd nest-tree soils,
respectively (Figure 2.6D). The size of the colony explained 17% of the variation in soil N
under camelthorn nest-trees but this was not significant under shepherd nest-trees (Figure
2.6E). Colony size also significantly explained variation in soil Ca (15%) under camelthorn
nest-trees but not under shepherd nest-trees (Figure 2.6F, Table S2.4), with increasing colony
size leading to decreased soil Ca levels. However, colony size did not explain variation in soil

pH, C:N ratio, 3'°N, 8'3C, P, K, and Zn (Table S2.4).
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Figure 2.6: Regression showing the relationship between soil properties (C, N, and Ca) with

tree size (DBH) and colony size (number of chambers) for camelthorn and shepherd nest-trees

only. Lines represent linear fits (regression equations reported), and the grey bands are the 95%

confidence intervals. P-values and R? are reported for each species.
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Causes of the bare soil patch under the nest-trees

In the seed bank experiment, the number of seedlings that germinated was significantly
explained by the interaction between tree species and site (i.e., tree or nest-tree) (Figure 2.7A,
Table S2.5). The camelthorn tree soils had significantly higher seedling numbers compared to
the camelthorn nest-tree soils, while there were no differences between the shepherd trees and
the shepherd nest-trees (Figure 2.7A). The number of nest chambers did not explain the
seedling numbers in the soils below nest-trees for either species (Figure S2.1). In the growth
experiment, the height of camelthorn seedlings was significantly higher in nest-tree soils than

in trees, but did not differ between soils of the two tree species (Figure 2.7B, Table S2.5).

Soil water infiltration rate was explained by the interaction between tree species and site
(Figure 2.7C, Table S2.5). Soil water infiltration rate was higher under shepherd trees than
under nest-trees, but there were no differences between camelthorn trees and nest-trees. The
size of the sociable weaver colony (number of chambers) explained the variation in the soil
water infiltration rate for both tree species; increasing colony size was correlated with a lower

soil water infiltration rate (Figure 2.7D).
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Figure 2.7: Number of germinated seedlings (A) observed below two tree species (camelthorn
and shepherd trees) and two sites (tree and nest-tree). Camelthorn seedling height (B) from
soils below two sites (nest-tree and tree). Soil water infiltration rate (C) observed below the
two species of trees and the two sites. The boxes and horizontal lines represent the first and
third quartiles and the medians, respectively. The whiskers represent 1.5 x the interquartile
range, and the outliers above/below are shown as dark points. Circles represent means, with
letters indicating pairwise comparison between species and sites. (D) Relationship between soil
water infiltration rate and colony size (number of chambers) for camelthorn and shepherd trees.
The lines represent linear fits (regression equation reported), and the bands are the 95%

confidence intervals. P-values and R? are reported for each species.
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Discussion

The presence of trees alone leads to elevated soil fertility compared to surrounding grasslands.
The soils at both camelthorn and shepherd tree sites showed significantly higher levels of soil
pH, N, C, P, K, Ca, and Zn compared to grassland sites. This is consistent with trees
concentrating essential nutrients for plant growth under their canopy, hence functioning as
“islands of fertility” where N, P, and K accumulations are especially important (Schlesinger et
al. 1996; Aguilera et al. 1999; Dean et al. 1999; Yan et al. 2018). Furthermore, I observed
higher 8!°C values in grassland soil than in tree soils, which may indicate that soil C at these
sites is more strongly influenced by Cs grasses (Gillson 2015). The 3'°N values of the
grasslands within which camelthorn and shepherd trees grow also varied. I found a significantly
higher 8'°N in camelthorn grasslands compared to shepherd grasslands. This could be
attributed to the increased activities of mammals in the camelthorn grasslands, leading to higher
deposition of faecal matter. For example, this elevates the isotopic ratio (3'°N) from close to
0%o in terrestrial systems that are not influenced by transfers between trophic levels (Hogberg
1997). The differentiation between the tree islands of fertility and surrounding grassland,

therefore, varies with environmental context.

Sociable weaver nests further improved the islands of fertility by increasing soil nutrients and
altering other soil properties. The presence of a nest in trees increased soil N, 8'°N, C, §13C,
C:N, P, K, Ca, and Zn relative to trees without a nest. The highly elevated N in the soil
associated with nests in our study suggests that N may be a key nutrient contributed by weaver
nests (see also Prayag ef al. 2020). I observed strongly positive 8'°N values in both nest-tree
and tree soils, but higher 8'°N values in nest-tree than in tree soils. These strongly positive §'°N
values are generally associated with arid ecosystems (Pataki et al. 2008), but the higher values
found in nest-tree soils compared to the tree soils suggest greater faunal contributions. The

higher 89N ratio in the soils under nest-trees could be attributed to NH3 volatilization once the
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droppings of the sociable weavers are deposited, resulting in further fractionation of the N
isotope increasing 3'°N values of the remaining N (Mulder et al. 2011; Nel et al. 2018; Prayag
et al. 2020). Furthermore, N reutilisation in plants combined with organic matter microbial
decomposition results in a steady increase in 8'°N over time (Nel ef al. 2018), and this is
especially likely under nest-trees. Although low C:N ratios are often associated with a high
degree of microbial decomposition (Brust 2019), in nest-tree soils it may also indicate the input

of faecal N.

Higher soil N and C under camelthorn nest-trees compared to shepherd nest-trees may be
because camelthorn trees are leguminous and fix N> in the soil. Fixation of N> may be evident
from the 8'°N values under camelthorn trees, as this was similar to the levels in adjacent
grassland sites possibly due to fixation of N that results in somewhat lower 8!°N values (Craine
et al. 2015). It is common for leguminous trees and shrubs to improve soil fertility through N»
fixation and biomass accumulation (Fernandez et al. 2020). Cramer et al. (2007) also found
that leguminous trees and shrubs fix nitrogen, especially when in competition with grasses. The
higher soil N and C of camelthorn nest-trees as compared to the soil of shepherd nest-trees may
also be due to the larger size of the camelthorns, resulting in more N and C from leaf litter.
Changes in foliar nutrient concentrations in response to increased nutrient availability can
result in positive feedback through increased litter quality and increased decomposition rates
and therefore high nutrient availability (Hayes et al. 2013) resulting in large trees with deeper

root systems.

For plants to benefit from nutrient input, these must be balanced to address the full nutrient
requirements of plants. According to Liebig’s law of the minimum, plant growth can only be
increased to the limit set by the most limiting nutrient (Agren et al. 2012). For plants to benefit
from N in weaver faeces, the addition of other potentially limiting nutrients would be

beneficial. High levels of P, K, Ca, and Zn under the nest-tree soils imply that plants can benefit
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from the abundant N under the nest-trees. Furthermore, the higher concentrations of P, K, Ca,
and Zn that I found are consistent with other studies on soils associated with colonial birds
(Hobara et al. 2005; Breuning-Madsen et al. 2010; Zwolicki et al. 2013; Irick et al. 2015; Otero
et al. 2018). However, the stoichiometric ratios of constituent elements in the sociable weaver
faecal matter have very different ratios to the soils below nest-trees. For example, the N:P ratios
are much lower in the soil than in the weaver faeces. This indicates that either N is lost from
the weaver faeces or that the weaver faeces are not the only inputs of P to the soil. Indeed, our
8N values indicate fractionation between weaver faeces and soil, and this has been associated
with volatilisation of N (Prayag et al. 2020), indicating that there is loss of N through this
pathway. Despite the arid climate, leaching of N is also possible (but likely limited), especially

considering the water repellency of the soils below the nests.

There are, however, also other inputs to the soil below the nest-trees from various sources (e.g.,
mammalian urine and dung). For example, the levels of !°C at both the nest-tree and tree sites
indicate that soil C at these sites is derived from a combination of grasses with the Cs
photosynthetic pathway and materials from trees with the C3 photosynthetic pathway (Gillson
2015). The higher 8'3C values under the nest-trees compared to the trees show a more dominant
contribution of C4 vegetation materials (Hattersley 1982) which is associated with the seeds
consumed by the weavers, the grasses used as nest-building material as well as mammalian
inputs. For example, Maclean 1973c reported that sociable weavers feed predominantly on
grass seeds and other plant products, but also insects seasonally, potentially contributing to the
high 8'3C under the nest-trees. Furthermore, the high §'3C under the nest-trees could also be
attributed to the more decomposed organic carbon of the soil associated with nest soils
(Bostrom et al. 2007). Thus, the composition of the soil below the nests is the product of a
combination of inputs and losses, with weaver faeces being one of several inputs. Nevertheless,

the presence of a weaver nest is a focus for all of these inputs and losses.
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Soil N and C were positively influenced by the size of shepherd nest-trees, but not the size of
camelthorn nest-trees. The positive association for shepherd nest-trees could be attributed to
diverse factors associated with tree size. For example, bigger trees have access to nutrients
deeper in the soil with deeper roots (Gherardi et al. 2013), increased interception of wet and
dry deposition (Zhang et al. 2011; Yan et al. 2019) and greater faunal inputs to larger trees.
The shepherd nest-trees were generally smaller than the camelthorn nest-trees, possibly
suggesting that the lack of relationship between camelthorn tree size and soil properties is due
to camelthorns exceeding a threshold in the size-soil enrichment relationship. However, the
soil properties considered here are all “intensive” (e.g., concentrations), whereas the
“extensive” properties should also be considered. It is difficult to measure the extent of the soil
influence from a tree or a nest-tree, but the best proxies are likely to be the tree size (e.g., DBH)
and the nest chamber number and nest size since the extent of the soil influence should scale

with the size of the tree and nest.

Some of the intensive properties of the soils correlate with the size of the colony (number of
nest chambers). For example, I found a significant positive relationship between colony size
and soil N (under both camelthorn and shepherd trees) and C (only camelthorn). Similar to our
findings, Ellis et al. (2006) reported a significant positive correlation between nest density and
concentrations of NH4" and NOs™ in soils. Also, Mulder et al. (2011) reported a weak
relationship between soil N content and seabird density while that for 3!°N and seabird density
was consistently strong, mainly due to either leaching and NH; volatilisation (Mulder et al.
2011). Otero et al. (2018) reported that the amount of nutrients moved by birds into islands of
fertility depends on the size of the population, the length of the association with the site, and
the type of feeding. This implies that as the size of the colony increases and the length of the

association between birds and host vegetation is prolonged, the higher the nutrients deposited
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by birds. This explains the increase in soil N and C with colony size for nest soils in our study

system.

The soils under the nest-trees are rich in plant nutrients and therefore should support subcanopy
plant growth, but these areas below the nest are generally devoid of vegetation. I found no
evidence that the area devoid of vegetation under the nest-trees is the result of a lack of viable
seeds or the inability of the nest soils to support plant growth due to nutrient toxicity. Our
results show that both the nest-tree and the tree sites have similar seed bank sizes, and there
was also no relationship between the number of nest chambers and the number of viable seeds.
Camelthorn seedlings grew taller in nest-tree soils compared to trees without nests, showing
that the area without vegetation beneath the nest-trees cannot be attributed to toxicity. The
negative relationship between colony size and soil water infiltration rate, however, provides
evidence to support the hypothesis that the area devoid of vegetation under the nest-trees is a
result of physiological drought (combination of high fertilization and low soil water infiltration
rate). Increasing colony size leads to increased deposition of faecal matter and nest material
which breaks down to increase the amount of organic matter and fine particles in the soil, thus
decreasing soil water infiltration (Luna et al. 2018). Therefore, the bare patch created under the
nest-trees could be attributed to physiological drought under these trees. This bare patch may
have beneficial consequences for the host tree. In savannas, it is common for trees and grasses
to compete with each other for nutrients (Cramer ef al. 2010). As a consequence, the bare patch
may relieve the host trees of a source of competition. Furthermore, the lack of flammable
grasses or shrubs below the very flammable weaver nest can reduce the severity of fires for

both the weavers and the host trees (Dean et al. 1999).
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Conclusions

The presence of trees alone creates an island of fertility as a result of diverse faunal activities
(e.g., nesting, roosting, resting, and feeding), but the presence of the sociable weaver nests
further enhanced the islands of fertility created by the trees through faecal deposition. These
hotspots of nutrients result in heterogeneous distributions of nutrients in an otherwise relatively
uniform grassland system and contribute to the formation of a savanna. The feedback between
tree and nest size and the intensive and extensive properties of the island of fertility is
accentuated by the fact that the nests alter the soil properties, discouraging plant growth beneath
the nests. This combination of feedbacks establishes camelthorn and shepherd trees as powerful
ecosystem engineers that exploit sociable weavers as nutrient harvesting agents. Nevertheless,
the cost of hosting the weaver colony is not insubstantial resulting in loss of photosynthetic
area, branch breakage, and potential susceptibility to fire, all of which need further

investigation.
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Supplementary Materials

Table S2.1: Linear mixed model analysis with soil properties as response variables and tree
species (2 levels- camelthorn and shepherd) and site (2 levels- Tree and Grassland) as factors.
We included pairs as a random effect. Wald Chi-square values (y?), degrees of freedom (df),

and p-values are provided for each analysis.

Response Variables Factors X2 df P-value
pH Site 35.68 1 <0.001
Tree species 3.64 1 0.056
N Site 137.62 1 <0.001
Tree species 8.35 1 0.004
C Site 120.48 1 <0.001
Tree species 10.73 1 0.001
Site*Tree species 4.43 1 0.035
C:N Site 1.49 0.222
Tree species 6.36 0.012
15N Site 63.63 1 <0.001
Tree species 10.22 1 0.003
Site*Tree species 28.36 1 <0.001
d13C Site 242.45 1 <0.001
Tree species 0.76 1 0.383
Ca Site 19.60 1 <0.001
Tree species 4.53 1 0.033
P Site 46.35 1 <0.001
Tree species 10.42 1 0.001
K Site 8.53 1 0.003
Tree species 4.01 1 0.045
Zn Site 13.38 1 <0.001
Tree species 6.90 1 0.009
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Table S2.2: Linear mixed model analysis with soil properties as response variables and tree

species (2 levels- camelthorn and shepherd) and site (2 levels- Tree and Nest-tree) as factors.

We included pairs as a random effect. Wald Chi-square values (y?), degrees of freedom (df),

and p-values are provided for each analysis.

Response Variables Factors X2 df P-value
pH Site 7.33 1 0.008
Tree species 8.97 1 0.003
N Site 158.60 1 <0.001
Tree species 6.48 1 0.011
Site*Tree species 17.21 1 <0.001
C Site 216.15 1 <0.001
Tree species 9.11 1 0.003
Site*Tree species 2591 1 <0.001
C: N ratio Site 129.97 <0.001
Tree species 10.20 0.001
15N Site 152.55 1 <0.001
Tree species 0.02 1 0.896
d13C Site 24.86 1 <0.001
Tree species 0.90 1 0.342
Site*Tree species 4.23 1 0.040
Ca Site 64.65 1 <0.001
Tree species 2.11 1 0.025
P Site 181.55 1 <0.001
Tree species 10.31 1 0.147
K Site 21.39 1 <0.001
Tree species 4.74 1 0.030
Zn Site 106.95 1 <0.001
Tree species 0.75 1 0.385
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Table S2.3: Linear mixed model analysis with soil properties as response variables and tree

species (2 levels- camelthorn and shepherd), Site (2 levels- Tree and Nest-tree) and DBH (Tree

size) as factors. We included pairs as a random effect. Wald Chi-square values (y?), degrees of

freedom (df), and p-values are provided for each analysis.

Response Variables Factors X2 df P-value
pH Tree Species 6.43 1 0.011
Site 7.51 1 0.006
DBH 0.19 1 0.665
N Tree Species 14.11 1 <0.001
Site 113 1 <0.001
DBH 3.31 1 0.069
Site*DBH 4.41 1 0.036
C Tree Species 21.16 1 <0.001
Site 138 1 <0.001
DBH 5.71 1 0.017
Site*DBH 6.78 1 0.009
C: N ratio Tree Species 7.76 1 0.005
Site 123 1 <0.001
DBH 0.01 1 0.935
5N Tree Species 0.04 1 0.833
Site 134 1 <0.001
DBH 0.537 1 0.464
oBC Tree Species 0.51 1 0.474
Site 22 1 <0.001
DBH 0.121 1 0.728
Ca Tree Species 3.42 1 0.064
Site 64 1 <0.001
DBH 1.13 1 0.289
P Tree Species 3.03 1 0.082
Site 164 1 <0.001
DBH 0.54 1 0.462
K Tree Species 4.07 1 0.044
Site 21 1 <0.001
DBH 0.57 1 0.450
Zn Tree Species 1.57 1 0.211
Site 108 1 <0.001
DBH 1.54 1 0.215
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Table S2.4: Linear model analysis with soil properties as response variables and tree species
(2 levels- camelthorn and shepherd) and chambers (colony size) as factors. F-value, degrees of

freedom (df), and p-values are provided for each analysis.

Response Variables Factors F- df P-value
value
pH Tree Species 5.31 1 0.025
Chambers 2.45 1 0.123
N Tree Species 3.59 1 0.063
Chambers 11.33 1 0.001
C Tree Species 7.46 1 0.008
Chambers 14.50 1 <0.001
C: N ratio Tree Species 1.05 1 0.311
Chambers 0.11 1 0.744
5N Tree Species 0.16 1 0.690
Chambers 2.89 1 0.095
oBC Tree Species 1.21 1 0.276
Chambers 1.12 1 0.294
Ca Tree Species 0.778 1 0.382
Chambers 3.055 1 0.086
P Tree Species 0.013 1 0.910
Chambers 1.852 1 0.179
K Tree Species 0.473 1 0.494
Chambers 2.204 1 0.143
Zn Tree Species 0.289 1 0.593
Chambers 1.898 1 0.174
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Table S2.5: Linear mixed model analysis with soil viable seed load, soil water infiltration rate

and camelthorn seedling height as response variables and tree species (2 levels- camelthorn

and shepherd) and site (2 levels- Tree and Nest-tree) as factors. We included pairs as a random

effect. Wald Chi-square values (y?), degrees of freedom (df), and p-values are provided for

each analysis.

Response Variables Factors X df P-value

Soil Water Infiltration Rate Species 15.24 1 <0.001
Site 2.15 1 0.143
Tree species*Site  12.43 1 <0.001

Total seedlings Species 1.74 1 0.188
Site 4.03 1 0.045
Species*Site 5.68 1 0.017

Camelthorn Seedling Height Tree Species 0.34 1 0.561
Site 9.46 1 0.002
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Figure S2.1: Scatter plots showing the relationship between total seed load in soils and colony

size (chambers) for both camelthorn and shepherd trees. P-values are reported for each species.
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Chapter 3: All savanna islands of fertility are not equal: colonial birds
influence soil nutrient stoichiometries with consequences for tree seedling

growth.

A modified version of this chapter has been published in Plant Ecology as:
Aikins, T.K., Thomson, R.L. & Cramer, M.D. (2023). All savanna islands of fertility are not
equal: colonial birds influence soil nutrient stoichiometries with consequences for tree

seedling growth. Plant Ecology 224, 685—696. https://doi.org/10.1007/s11258-023-01333-1

Abstract

Islands of fertility associated with tree/shrub patches in arid grasslands create spatial
heterogeneity of soil nutrients. Faunal activities under these trees/shrubs may contribute to
diverse characteristics of these fertile patches of soil due to different faecal inputs. I
hypothesized that grasslands, the tree islands of fertility (TIFs), and the bird islands of fertility
(BIFs) differ in both the concentrations and stoichiometries of soil nutrients due to the sources
of nutrients and that this subsequently determines the growth and foliar nutrient concentrations
and stoichiometries of plants that grow on these soils. I used the islands of fertility created by
camelthorn (Vachellia erioloba) and shepherd (Boscia albitrunca) trees (tree islands of
fertility) that also host sociable weavers Philetairus socius (bird islands of fertility) in the
Kalahari Desert for this study. I sampled and grew camelthorn seedlings in soils from BIFs,
TIFs, and matrix grasslands. Despite the higher soil nutrients in TIFs than in grasslands, there
were no significant differences in seedling growth. However, I observed significantly higher
seedling growth in BIF soils compared to TIF soils. Seedlings grown in soils from BIFs and
grasslands allocated more growth to shoots and roots, respectively, while TIFs were

intermediate. The foliar nutrient stoichiometries of seedlings grown in BIF soils were similar
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to the stoichiometric ratios in BIF soils and sociable weaver faecal matter. This shows that the
faecal input of the sociable weaver accounts for the growth differences in these islands of
fertility. The ecological engineering activities of the sociable weaver address nutrient
limitations essential for camelthorn seedling growth, which TIF soils could not address despite

the high faecal input of mammals.

Introduction

Woody plants accumulate soil nutrients beneath their canopy via various processes, resulting
in hotspots of nutrients referred to as “islands of fertility” (Schlesinger ez al. 1990; 1996). Plant
roots forage for nutrients and transport them into the leaves of the plants, which later deposit
these as leaf litter beneath the canopy enriching the soils (Schlesinger & Pilmanis 1998). Plants
that shed their leaves annually (Abril et al. 2009) and those with dense canopies (Camara 2021)
can deposit large quantities of nutrients below their canopies. For leguminous trees, high soil
N concentrations are additionally due to their nitrogen-fixing capacity (Schlesinger & Pilmanis
1998; Tolgyesi et al. 2020). Tree canopies also trap aeolian dust, while low-stature plants and
leaf litter may trap runoff containing nutrients (Parsons ef al. 1992; Schlesinger et al. 1999).
While islands of fertility may form due to the presence of trees alone, animals also contribute
to the formation of islands of fertility through faecal deposition under these woody plants when
they seek shade or roost (Dean et al. 1999; Mashizi & Sharafatmandrad 2020; Prayag et al.
2020). The nutrient stoichiometry of the different sources of nutrients in the island of fertility
should determine the key enhanced nutrients with potential implications for the vegetation that

grows in these soils.

Ecological stoichiometry indicates ecological processes that include nutrient limitations,
energy flow between tropic levels, and material cycling across different ecosystems (Elser et

al. 1996). According to Liebig’s law of the minimum (Marschner 2012) nutrient availability
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and balance between multiple nutrients determine plant growth. Therefore, nutrient
stoichiometry is a determinant of nutrient limitations in ecosystems (Glisewell 2004; Han et
al. 2013; Mo et al. 2015; Sardans & Pefiuelas 2015). The foliar nutrient stoichiometry of most
plant species is somewhat plastic and influenced by the edaphic environment and several plant
traits, including plant size, growth form, relative growth rate, leaf construction, and longevity
(Elser et al. 2010; Sterner & Elser 2002; Giisewell 2004; Pefiuelas & Sardans 2009). The strong
links of foliar nutrient stoichiometric variations to soil fertility have been inferred to be
adaptive; hence plant foliar nutrients vary with the prevailing environmental conditions (Reich
& Oleksyn 2004; Han et al. 2005; Elser et al. 2010). Many species of plants, however, exhibit
a degree of stoichiometric homeostasis through which they maintain their tissue
stoichiometries relatively independently of the environment (Sterner and Elser 2002; Elser et
al. 2010), resulting in nutrient concentrations and stoichiometries of plant tissues being less
variable than those in the soils (Glisewell & Koerselman 2002; Neff et al. 2006). Plant nutrient
stoichiometries have been reported to have stronger genotypic links than environmental links,
with different taxa having evolved different nutrient stoichiometries (Neff er al. 2006;
Verboom et al. 2017). Although soil nutrient content could influence plant nutrient levels, it is
not clear that plant nutrient stoichiometry necessarily follows that of the soil. Investigating the
extent to which the sources of nutrients (e.g., mammal and avian droppings) influence the soil
and its subsequent influence on the foliar nutrient concentrations and stoichiometries of plants
growing in these soils, at least within a species, may help to establish the drivers of growth

responses of the plants to their edaphic environment.

Faunal nutrient input can be a significant source of soil nutrients in islands of fertility (Ellis
2005), resulting in localized changes in the physical and chemical properties of the soil under
trees that attract animals (Schlesinger et al. 1996; Dean et al. 1999; Prayag et al. 2020). In

terrestrial ecosystems, seabird faecal matter can increase available levels of N and P by
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100- and 400-fold, respectively (Mulder et al. 2011). The increased availability of N and P, in
turn, may increase the growth of plants in this ecosystem compared to other systems (Mulder
& Keall 2001). However, high faunal nutrient input from colonial birds may not always lead
to positive outcomes. For example, high guano input can result in high levels of NH4" that may
reach toxic levels (Anderson & Polis 1999; Kolb ef al. 2010) and negatively affect the growth
of mature woody plants (Dusi 1977; Haynes & Goh 1978). Since the stoichiometric
composition of the animal’s food, its body size, and body nutrients influence the nutrient
stoichiometry (e.g., N:P ratios) in their faecal matter (Sitters et al. 2017; Sitters & Venterinka
2021; le Roux et al. 2020), mammals and birds will not have the same nutrient contributions at
islands of fertility. Furthermore, the amounts of faeces/urine deposited, together with nutrient
stoichiometry, determine how plants grow in response to the faunal input (le Roux ef al. 2020).
The principles of eco-stoichiometry explains nutrient regulation mechanism of plant-soil
interaction and show the nutrient utilization strategy of different plants as influenced by their
environmental factors (Tao ef al. 2021). It may be expected that the nutrient stoichiometry of
plants growing in islands of fertility that differ in their origins will vary based on the soil
nutrient stoichiometry in these islands of fertility as influenced by the sources of faunal

nutrients and also on the soil type (e.g., mammalian or avian sources).

Sociable weavers (Philetairus socius) are colonial birds endemic to southern Africa that make
large nests in host trees that are used all year and attract numerous other animal associates
(Maclean 1973a; Lowney & Thomson, 2021). Due to their large colonies that alter resources
and ameliorate conditions in the harsh Kalahari environment, the sociable weaver acts as an
ecosystem engineer (Lowney et al. 2020; Lowney & Thomson 2022). Sociable weavers
defecate outside of their nests, accumulating guano under their host trees and increasing soil
C, N, and P compared to grassland and tree soils (Prayag et al. 2020, Aikins ef al. 2023), which

can increase biomass yield and foliar nutrients in host trees and their seedlings. Trees with and
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without sociable weaver nests also receive mammalian faecal input under canopies. Prayag et
al. (2020) used wheat (Triticum aestivum) as a phytometer and found higher shoot biomass in
soils influenced by the nutrient input of the sociable weaver. The nutrient concentrations and
stoichiometries of the faecal inputs (of mammalian and sociable weavers) and the soil may be
relevant for explaining the growth and foliar nutrient concentrations and stoichiometries of
plants that grow in these soils. Documenting the effect of these islands of fertility on the growth
of camelthorns seedlings may provide insight into how the mature trees that grow in these

islands of fertility benefit from the nutrient flux.

I hypothesized that the savanna grasslands, the tree islands of fertility (TIFs; Figure 3.1B), and
the bird islands of fertility (BIFs; Figure 3.1A) differ in both the concentrations and
stoichiometries of soil nutrients due to the sources of nutrients (mammalian and sociable
weaver droppings) and that this subsequently determines the growth and foliar nutrient
concentrations and stoichiometries of plants that grow on these soils. I tested this by sampling
and analyzing mammalian and sociable weaver droppings and soil nutrients from BIFs, TIFs,
and grasslands and subsequently grew camelthorn (Vachelia erioloba) seedlings in these soils.
I predicted seedlings grown on soils from BIFs would have greater growth, higher biomass
yield, and higher foliar nutrients than TIFs. I also predicted that the nutrient concentrations and
stoichiometries in mammalian and sociable weaver droppings would be similar to the soils and

seedling foliage from TIFs and BIFs, respectively.
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A Bird island of fertility B Tree island of fertility

<

Figure 3.1: (A) Bird island of fertility showing the sociable weaver nest on a camelthorn tree
with a pile of faecal matter and nest materials from the sociable weaver under the tree. (B) Tree
island of fertility showing a camelthorn tree with no nest typically has mammalian faecal matter

scattered under the tree.

Materials and Methods

Site description and experimental Setup

I collected the soils and seeds used in this study from Tswalu Kalahari, a reserve in the Northern
Cape Province, South Africa (27.225 ° S 22.478 ° E). The climate is typically hot and arid; the
long-term annual mean temperature is 20.3 °C, with an annual mean maximum of 29.5 °C and
a minimum of 11.1 °C (Cromhout 2006). Rainfall is highly variable, occurring mainly during
summer (December-March), with a mean of 325 mm per year (range 175 — 595 mm; van
Rooyen and van Rooyen 2017). The soils collected for this study were within the Koranna-
Langeberg Mountain Bushveld and Olifantshoek Plains Thornveld vegetation types of the
study area. The soils are red Kalahari sands, with the main component of the soil classified as
fine sand (Prayag et al. 2020). I obtained permission from Tswalu Kalahari Reserve to collect
all samples used in this study.
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To measure the nutrient concentrations and stoichiometries of both mammalian and sociable
weaver droppings, I collected fresh mammalian faecal matter under BIFs and TIFs. [ used fresh
faecal matter because I did not have an idea of how long the old faecal matter has been
deposited and the changes that has taken place since it was deposited. Secondly, I used the
fresh faecal matter of the sociable weavers, to avoid NH3 volatilization once the droppings of
the sociable weavers are deposited, resulting in further fractionation of the N isotope increasing
8'°N values of the remaining N (Mulder et al. 2011; Nel et al. 2018; Prayag et al. 2020). 1
randomly selected (from the list of nest-trees) 14 paired BIFs matched with TIFs of similar
height and trunk DBH that had no nest. I removed all the old faecal matter under the canopies
of these trees. After 10 days, I collected all fresh faecal matter under these trees, oven-dried it
at 70°C to constant weight, and then milled it using a ball mill (MM200, Retsch, Germany). I
obtained the data on the nutrient concentrations of the sociable weaver faecal matter from

Prayag et al. (2020).

To sample soils for soil nutrient analysis and the growth of camelthorn seedlings, I randomly
selected 12 camelthorn and 12 shepherd trees that contained a sociable weaver nest from a list
of nest-trees documented in the study area. I matched each selected nest-tree with a tree
(without a nest) of a similar height and trunk diameter at breast height (DBH) to that of the
paired nest-tree. I selected the paired trees without nests near nest-trees (mean 78 m; range 16
m — 192 m) to control for spatial variability within the study area. I designated the midpoint
between the nest-tree and the tree as the grassland site. This resulted in a total of 72 sites (12
triplet sites; nest-tree, tree, and grassland for each species, hereafter referred to as BIFs, TIFs,
and grasslands sites, respectively). I collected soil samples from these sites for nutrient analysis
and to grow camelthorn seedlings in the greenhouse to investigate the seedling growth response
to nutrient concentrations and stoichiometries in the islands of fertility. Soil samples

(approximately 1.5 kg each) were collected directly under the nests, and active chambers or
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from branches below that could have supported a nest in the control trees. I cleared the soil
surface of the accumulated faecal matter and grass materials before taking samples using a soil
auger (7 cm diameter) to a depth of 20 cm. In this study, I considered the effect of tree species
because our previous study found that some soil nutrient concentrations varied depending on

tree species (camelthorn vs. shepherd trees, Aikins et al. 2023).

I sieved the soils through a 1 mm sieve and then coned and quartered (Gerlach et al. 2002) to
sub-sample the soils for the various tests. The dry sub-sampled soils from each sampling point
were milled to a fine powder using a mortar and pestle. I determined soil pH by adding 25 ml
1 M KCl solution to 10 g air-dried soil, shaking for 20 mins using an orbital shaker at 20 rpm,
and after settling for 1 h, I measured the pH. I separated the dried shoot biomass into leaves
and stems. The leaves were crushed in a mortar and pestle and subsequently milled to powder

using a ball mill (MM200, Retsch, Germany).

I conducted a growth experiment to determine how camelthorn seedlings perform under these
soils as influenced by mammalian and sociable weaver faeces. I collected seeds from a single
camelthorn tree without a nest (to limit genetic variability). The seed coat of camelthorn is
tough and absorption of water to promote germination is slow. I therefore scarified the seeds
with sandpaper to allow easy absorption of water (Mira et al. 2017). One hundred seeds were
scarified using sandpaper and soaked in water for 24 h before being transferred to a Petri dish
in a phytotron for germination. After germination, I randomly assigned the seedlings to 72
individual pots filled with each of the 72 soil samples at a depth of 2 cm (Figure 3.2). The
seedlings grew in a greenhouse at the University of Cape Town with a temperature of 25 °C.
Seedlings were watered twice daily (7 am and 2 pm) for 3 min each using an automatic
overhead water irrigation system. I regularly changed each pot's position in the greenhouse to
create uniform conditions for all plants. [ immediately removed all weeds from the pots as they

germinated during the experiment. I measured the initial growth parameters of each seedling
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two weeks after planting. Plant height, stem diameter, and the number of leaves were then
measured once a week, every week until the 10" week, after which I harvested the plants. Roots
were washed free of soil, and the number of nodules was counted. I separated the harvested

plants into the shoot and root biomass and oven-dried at 70 °C for 48 h, and I weighed the dry

samples to obtain their biomass.

Figure 3.2: A: Soaked seeds transferred to a Petri dish for germination. B: Germinated seeds
ready for planting in growing pots. C: Seed planted in the growing pot. D: Setup of the

greenhouse with an automatic overhead water irrigation system.

Analysis of soil, faecal matter, and camelthorn seedling leaves

I placed the milled soil, faecal matter, and leaf samples in XRF sample cups sealed with a 4
um Polypropylene thin film (Chemplex Industries Inc, Florida, USA) at the bottom and inserted
into an Energy Dispersive benchtop X-Ray Fluorescence (ED-XRF) Spectro Xepos
spectrometer (Spectro, Amatek materials analysis division, Kleve, Germany). I controlled the
analysis using a computer data acquisition system using Spectro X-Lab Pro, which incorporates

the TurboQuant software for automatic matrix effect correction. I calibrated the instrument
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using a certified standard GBW07312 (National Research Center for Certified Reference
Materials, Beijing, China), for which elemental concentrations were obtained from the NOAA
Technical Memorandum NOS ORCA 68 (1992). The focus elements for this study were P, K,
Ca, and Zn, as these minerals were in higher proportions in the faecal matter of the sociable
weaver and the soils under the selected trees, although I also considered other essential
elements. XRF measures total P, which according to Vona et al. (2022), detects a higher
concentration of P than other methods of detecting the concentration of P, such as ammonium
lactate extraction, Mehlich 3 extraction, water extraction, and cobalt hexamine extraction.
Therefore, I performed a regression analysis between soil XRF total P and citric acid extracted
P for the same samples (data obtained from Prayag et al. 2020) to determine the relationship
between the two measures of soil P. I used the equation of the line (Soil P (xrr) = 7.099 1 citric acid
extracted P+ 0.0541, R? = 0.776) to estimate the equivalent citric acid P of the soil from our XRF

soil P values.

I performed the analyses of C, N, 8'°N, and §'°C using a mass spectrometer. I weighed the
oven-dried and milled leaves of the camelthorn seedlings (ca. 2 mg), the mammalian faecal
matter (ca. 2 mg), and the powdered soils (ca. 40 mg) into tin capsules (Elemental
Microanalysis Ltd, Devon, UK). These were combusted in a Flash 2000 organic elemental
analyzer (Thermo Scientific, Bremen, Germany), and the gases were passed to a Delta V Plus
isotope ratio mass spectrometer (IRMS) via a Conflo IV gas control unit (Thermo Scientific,
Bremen, Germany). Large quantity of soil was used because of the very little organic
component in the Kalahari red sand. To combat this large sample, firstly, samples were well
homogenised, but to maximize combustion of soils, I increased the oxygen injection timing for
soils to 4 seconds. I also run soils at the beginning of a reactor column when the chemicals are
brand new. I found that this increased combustion as the part of the reactor that collects the

combusted samples is still empty and fresh. Also, to minimise carry over with these large
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samples, I run blank combustions in between soil samples. I calibrated the results using two in-
house standards and one IAEA standard. I obtained the data on faecal nutrients of the sociable

weaver from Prayag et al. (2020).

Data Analysis

I performed all statistical analyses with R (version 4.0.3). I explored the characteristics of the
faecal nutrients between sources (sociable weaver, mammals under nest trees, mammals under
trees) using a linear model. The faecal nutrient values were log-transformed before analysis. |
tested the residuals of the models of the response variables (growth parameter, biomass, and
foliar nutrients) for normality, and all were normally distributed. To address the issue of
heteroscedasticity, I used the appropriate variance functions; model = Ilme (Y ~ X,
random=~1|S, data=df, weights=varldent(form=~1|X), method = “REML”). I ran linear-mixed
effects models using the nlme package to test our response variables: soil nutrients, growth
parameters (height, number of leaves, stem diameter, and shoot, root, and total biomass), and
foliar nutrients, relative to explanatory variables: sites (3 levels: BIFs, TIFs, and grasslands)
and species (2 levels: camelthorn and shepherd) with random effect of the triplet identity
(unique identification number for each collection site; BIFs, TIFs, and grasslands). I used the
‘Anova’ function to test whether the model terms explain a significant proportion of the
variation in our response variables. I then performed emmeans post-hoc pairwise comparisons
to test differences between the levels when the main effect is significant. The p-values in the
multiple pairwise comparisons were adjusted using the Tukey method. I calculated the average

concentrations of mammalian faecal nutrients from the nutrient content per species.

I fitted a generalized additive model (GAM) using the mgcv package (Wood 2017) to seedling
growth parameters to compare growth over weeks (k = 9) grouped by sites. I represented the
GAM smooth term using penalized regression splines with smoothing parameters selected by

REML. I used the negative binomial distribution in our model with 95% confidence bands. To
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test for factors that significantly predict the total biomass of the camelthorn seedlings, I used
multiple linear regression analysis followed by a forward and backward stepwise simplification
using the stepAIC function (MASS package; Venables & Ripley 2002). I used soil properties
(pH, N, P, K, and Ca) as response variables (predictors) and used total biomass as our

explanatory variables.

Results

Soil and faecal matter nutrient concentration and stoichiometries

Soil pH was significantly higher in the BIF soils of both tree species compared to their
grassland soils. For both tree species, the soil pH of the BIFs and TIFs did not differ (Table
3.1). BIFs had significantly higher soil C, N, 8'°N, P, K, and Ca for both tree species than TIFs
and grassland sites. Grassland soils had higher soil 8!*C than both BIF and TIF soils, but soil
8'3C did not vary between BIFs and TIFs. The TIF soils of both tree species had higher C, N,
and P than the grassland soils. There were, however, lower soil C:N, K:P, and Zn:P under BIFs
than under TIFs and grasslands, but N:P was higher under TIFs than under grasslands (Table
3.2). There was a higher N concentration in the sociable weaver's than in the mammal faecal
matter (Table S3.1). There were also higher levels of P, K, and Zn in the faecal matter of the
sociable weaver than in the faecal matter of the mammals under TIFs. Also, due to the
differences in mammal species that frequent the nest-trees and trees without nest, I found higher
levels of P, K, and Zn in the faecal matter of mammals under the BIFs than TIFs. C:N and Ca:P
ratios were higher in mammalian faecal matter from both BIFs and TIFs than in the sociable
weaver faecal matter (Table 3.2). The faecal C:N and Ca:P ratios of the mammals were ca. 3.2-
and 5.7-fold higher than the sociable weaver, respectively. N:P, K:P, and Zn:P ratios did not

vary between faunal nutrient sources.
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Table 3.1: Properties of soils used for the growth of seedlings in the greenhouse that came from sites related to camelthorn and shepherd trees. The

mean and standard error (SE) of the soil pH, C, 8'3C, N, 8!°N, P, K, and Ca are provided (n = 12). Different letters on mean values in the same column

across species and sites indicate significant differences (P < 0.05) as determined by Tukey’s post-hoc pairwise comparisons of the different levels

within the explanatory terms of the LMM.

Soil Sources

Camelthorn tree
Bird Islands of fertility
Tree Islands of fertility
Grassland

Shepherd tree
Bird Islands of fertility
Tree Islands of fertility

Grassland

Soil properties (mean + SE)

Soil pH

5.63 +0.22°
4.90 +0.18®
4.71 £0.13%

5.66 +0.23°
539 +0.15°
4.44 £0.07°

C (%)

1.95+0.28°
0.47 +0.05°
0.25+0.03*

1.20+0.17°
0.42 +0.03°
0.18 £0.02*

513C (%o)

-20.42+0.18
-21.37+£0.37*
-18.87 £ 0.39°

-20.91 £0.317
-21.46 £0.24*
-18.32+£0.22°

N (%)

0.29 £0.04°
0.05+0.01°
0.03 +0.003*

0.18 £0.03°
0.05 £ 0.003°
0.02 + 0.003*

31N (%0)

17.76 £ 0.75°¢
13.04 £ 0.41°
12.66 + 0.44°

16.74 £ 0.77¢
12.83 £ 0.42°
9.96 £ 0.35%

P (%)

0.41 +0.08¢
0.08 +0.01%
0.07+0.01*

0.43 +0.04¢
0.09+£0.01°
0.07 +0.003%

Citric acid P
(mg/kg)

500 = 110¢
40 + 10
20+ 107

530 + 50¢
60 £+ 10°
30 +10%

K (%)

1.23 +0.05b%
1.11 +£0.05%®
1.10 £0.04*

1.30 + 0.05%
1.18 £ 0.04*
1.13 £0.04*

Ca (%)

0.30 + 0.05%
0.14 +£0.02*
0.06 £0.01*

0.35+0.05°
0.16 + 0.04®
0.12+0.04*
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Table 3.2: Soil nutrient stoichiometry (w/w) of soils from bird islands of fertility, tree islands
of fertility, and grassland sites. Nutrient stoichiometry of sociable weavers and mammalian
faecal matter are also given (sociable weaver data was obtained from Prayag et al. 2020). The
mean + SE is reported for each soil and faecal nutrient source and the nutrient stoichiometries.

The means of soil ratios with the same letters in columns did not significantly differ.

Soil Sources

Nutrient stoichiometry (mean + SE)

C:N ratio N:P ratio K:P ratio Ca:P ratio Zn:P ratio

Bird islands of fertility (n=24) 6.5+ 0.24* 0.86 +0.21%® 3.9+0.5° 0.82+0.07*  0.012+0.001*
Tree islands of fertility (n=24) 8.4 +0.19° 0.67 = 0.06° 13.8£0.64* 1.57+0.15> 0.021 +0.002°
Grassland (n= 24) 7.9+0.37° 0.42 +0.04* 17.0+0.7¢ 1.51 £0.44%®  0.029 +0.005°
Faunal Nutrient Sources

Sociable weaver 7.05+0.53* 5.89+1.04° 1.34+0.04* 1.22+0.13* 0.025+0.003*
Mammals (BIFs) 2332+£298" 4.42+0.71° 2.24+045 7.80+£1.53> 0.024 +0.004°
Mammals (TIFs) 21.51 £1.98° 10.29 +£2.28? 1.65+£0.36° 6.09+0.93> 0.028 + 0.004%

Bird and tree islands of fertility effects on the growth of camelthorn seedlings

There was a slight variation in size (mean + SE, 29.0 + 0.11 mm) and mass (0.30 = 0.01 g) of
camelthorn seeds used for this study (Table S3.2; seed germination rate was 79%). There was
generally poor nodulation in the roots of all the seedlings in this experiment; only two out of
the 72 camelthorn seedlings formed root nodules (a seedling grown in soil from a TIF formed
seven nodules, while a seedling grown in grassland soil formed 11). None of the seedlings

grown in the soils from BIFs formed root nodules.

The identity of the tree species (camelthorn vs. shepherd) associated with the source soils for
the study did not explain significant differences in the height of camelthorn seedlings, the
number of leaves, stem diameter, shoot biomass, root biomass, root-to-shoot ratio, and total
biomass (Table S3.3). The site term (BIFs, TIFs, and grasslands) explained significant variation

in the height of the camelthorn seedlings and the number of leaves but not the stem diameters
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(Figures 3.3, 3.4A, 3.4B, & 3.4C; Table S3.3). There was also a significantly greater mean
seedling height (ca. 1.4-fold) and number of leaves (ca. 1.4-fold) in soils from BIFs than in
both TIFs and grasslands sites. The interaction between the tree species and sites did not explain
significant variation in our growth response variables. Time-course analysis of seedling growth
showed that ‘site’ significantly influenced the weekly growth in height (Chi-square = 48.46, P
< 0.001) and number of leaves (Chi-square = 83.31, p < 0.001; Figures 3.5A and 3.5B).
Seedlings grown in soils from BIFs were taller and had more leaves than in TIF and grassland

soils. The stem diameter, however, did not vary between sites (Figure 3.5C)

Seedling shoot biomass and total biomass varied significantly with ‘site’ (Figure 3.6A, Table
S3.3). There were significantly higher mean shoot biomass and total biomass of plants grown
on BIF soils compared to TIF and grassland soils. Still, there were no significant differences in
the mean shoot biomass between the TIFs and grassland soils. The mean shoot biomass of
seedlings grown in BIF soils was about 1.6-fold higher than those grown in soils from TIF, and
1.7-fold higher compared to the grassland soils. The mean total biomass of seedlings grown in
soils from BIFs was approximately 1.5-fold higher than the TIFs soils and 1.5-fold higher than
the grassland soils. Seedling root biomass did not vary significantly with the site, but the root-
to-shoot ratio varied significantly with the site. Camelthorn seedlings grown in grassland and
TIF soils increased biomass partitioning to the roots. There was a significantly higher root-to-
shoot ratio in seedlings grown in grassland soils than in BIFs, but there was no significant
difference between grassland soils and TIF soils. Furthermore, there were no significant
differences in the root-to-shoot ratio in seedlings grown in soils from TIFs and BIFs (Figure
3.6B). The mean root-to-shoot biomass in seedlings grown in soils from grasslands was

approximately 1.3-fold higher compared to the seedlings grown in soils from the BIFs.

The results also show that 25% of the variance in total seedling biomass can be explained by

two predictors (i.e., soil N/P and K; F (2, 69) = 11.33, p<0.001). I found Soil N and P to be
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collinear; hence our fitted regression model was: Total biomass = 0.03 + 2.28*(soil N/P) +
1.07*(so0il K). Soil N/P (f =2.28, p<0.001) and K (B = 1.07, p=0.021) significantly predicted

total biomass. Soil N and P was the most important soil property that predicted total biomass.

r":

Nest-tree soil

gty i s | BN,

Figure 3.3: A typical example of the effect of soils from bird and tree islands of fertility and

o=

the grassland sites on the growth of camelthorn seedlings.
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Figure 3.4: Final height of the seedlings, number of leaves, and diameter of the stem of
camelthorn seedlings grown in soils from bird islands of fertility, tree islands of fertility, and
grasslands. The boxes and horizontal lines represent the first and third quartiles and the
medians, respectively. Whiskers represent 1.5 x the interquartile range. Outliers above/below
are shown as dark points. Circles represent the mean, and letters indicate a pairwise comparison
between sites. The p-values of the linear mixed-effects model for species and site effects are

present for each growth parameter (no interaction between species and sites).
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Figure 3.5: Time course analysis of the height (A), number of leaves (B), and stem diameter
(C) of camelthorn seedlings grown in soils from the bird islands of fertility, tree islands of
fertility, and grasslands. The bands represent the 95% confidence bands fitted with a

generalized additive model (GAM) using a negative binomial distribution.
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Figure 3.6: Final shoot biomass, root biomass, total biomass (A), and the root-to-shoot ratio
between sites (B). The final biomass is dry and destructively measured at the end of the
experiment (11 weeks after planting). The boxes and horizontal lines represent the first and
third quartiles and the medians, respectively. Whiskers represent 1.5 x the interquartile range,
and outliers above/below are shown as dark points. The circles represent the mean, and the
letters indicate a pairwise comparison between sites separately for each biomass measure. The
p values of the linear mixed-effects model for species and site effects are presented for each

biomass (no interaction between species and sites).
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Bird and tree islands of fertility affect the foliar nutrients of camelthorn seedlings

The foliar N and 8'°N were significantly higher in the plants grown on soils from BIFs
compared to TIFs and grasslands (Figures 3.7A and 3.7B, Table S3.4). There was a significant
difference in 8'°N between the seedlings grown in TIF and grassland soils, but there was no
significant difference in foliar N between BIF and grassland seedlings. There were also
significant differences in foliar P between sites, but foliar K, Ca, and Zn did not vary (Figure
3.8, Table S3.4). There was significantly higher foliar P (ca. 1.8-fold) in seedlings grown in
BIFs compared to the grassland soils but not different from the TIFs soils (Figure 7A). The
foliar nutrients of the camelthorn seedlings did not vary between the tree species that were
associated with the soils collected for the experiment (Table S3.4). There were also no

significant interactions between the tree species and the sites.

The seedling foliar nutrient stoichiometry differed between sites for C:N, K:P, Ca:P, and Zn:P,
but not for N:P ratios. Foliar C:N and Ca:P ratios decreased in the order of grassland = TIFs >
BIFs (Table 3.3). Seedling foliar K:P and Zn:P ratios were higher in seedlings grown in
grassland soils than in TIFs and BIFs. K:P was also higher in TIFs seedlings than BIFs
seedlings but there was no difference between BIFs and TIFs for Zn:P ratios. There was,
however, a significant positive correlation between foliar N and P concentrations of seedlings

grown in the soil from BIFs but not for TIFs and grassland soils (Figure 3.9).
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Figure 3.7: Foliar N, 8'°N, §!3C, N:P ratio of camelthorn seedlings grown in soils from bird

islands of fertility, tree islands of fertility, and grasslands (11 weeks after planting). The boxes

and horizontal lines represent the first and third quartiles and the medians, respectively.

Whiskers represent 1.5 % the interquartile range, and outliers above/below are shown as dark

points. Circles represent the mean and letters indicate a pairwise comparison between species

and sites. The p values of the linear mixed-effects model for species and site effects are

presented for each foliar nutrient (no interaction between species and sites).
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Figure 3.8: Foliar minerals of camelthorn seedlings grown in soils from bird islands of fertility,
tree islands of fertility and grassland. Measured minerals include P, K, Ca, and Zn. Foliar
minerals were measured 11 weeks after planting. The boxes and horizontal lines represent the
first and third quartiles and the medians, respectively. Whiskers represent 1.5 x the interquartile
range, and outliers above/below are shown as dark points. Circles represent the mean, and
letters indicate a pairwise comparison between species and sites. The p values of the linear
mixed-effects model for species and site effects are presented for each foliar nutrient (no

interaction between species and sites).
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Table 3.3: Foliar nutrient stoichiometry (w/w) of camelthorn seedlings grown in soils from

bird islands of fertility, tree islands of fertility, and grassland sites. The mean +SE is reported

for each soil source and the nutrient stoichiometries. Means with the same letters in columns

did not significantly differ.

Soil Sources (n= 24)

Foliar nutrients stoichiometry of camelthorn seedlings (mean + SE)

C:N ratio N:P ratio K:P ratio Ca:P ratio Zn:P ratio
Bird islands of fertility 16.5+0.89*  7.37+043° 5.06+0.36 491+042* 0.012+0.001%
Tree islands of fertility  20.8 0.80°  8.24 +0.74° 7.19+0.49° 822+0.55* 0.013+0.001°
Grassland 21.7+0.61°  9.02+0.55° 8.69 +£0.47° 8.33+0.51°> 0.018+0.001°
51 Bird islands of fertility
4 Grassland
Tree islands of fertility
p=0.11,R*=0.11
4.
9 y=2.37 + 1.38x
z
8
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0.5 1.0
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Figure 3.9: Regression showing the relationship between the foliar concentrations of N and P

of camelthorn seedlings grown in soils from bird islands of fertility, tree islands of fertility, and

grasslands. The red line represents linear fits for the BIFs site only (regression equation

reported), and the grey bands are the 95% confidence intervals. P-values and R? are reported

for each site.
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Which nutrients drive the seedling growth in bird islands of fertility?

The foliar N, P, and Mg of the seedlings grown on BIF-soils were higher than those found in
mature camelthorn tree leaves (Table S3.5) and other Vachellia species (Table S3.6). Similarly,
I found that the soil N, P, K, and Ca in the BIFs were significantly higher than in the TIFs and
the grassland soils (Table 3.1). Since only N and P were higher in both seedling foliage and

soil, soil N and P could be the nutrients that drive increased seedling growth in BIF soils.

Discussion

The presence of the sociable weaver nests increased the growth of camelthorn seedlings grown
on soils from those sites more than that in soils from below trees without nests. The greater
height, number of leaves, and shoot biomass of seedlings grown in the BIF soils could be due
to the soil nutrients derived from the faunal nutrient input of the sociable weaver. Although
both the BIFs and the TIFs receive input of faunal nutrients, the differences in growth between
the two are probably due to a combination of the amount/availability of faecal matter deposited
and the nutrient stoichiometry in the faecal matter. This also suggests that the faunal input from
the sociable weaver nests did not make the soils toxic and thus toxicity does not explain the
fact that the soil below the nests is commonly barren (Prayag et al. 2020). It must, however, be
noted that, in the green house experiment, there was lack of continued faecal input and nutrient
leaching might have occurred to neutralize toxicity. The higher root biomass relative to shoot
biomass at grassland sites than at BIFs could be explained by the fact that plants in these low
soil nutrient conditions (characteristic of grassland soils) develop roots to enhance their ability
to forage for more nutrients to facilitate growth (e.g., Kang and Van lersel 2004; Kolodziejek
2019). We attribute the infrequent nodulation to the lack of competition between camelthorn
seedlings and other plants in the pots (e.g. Cramer et al. 2007) since we immediately removed

all other plants as soon as they germinated.
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The higher concentrations of N in the foliar tissue of seedlings grown on BIF soils relative to
TIF and grassland soils are a positive response to high concentrations of soil N from BIFs
derived from the sociable weaver faeces. Indeed, the sociable weaver faeces had ca. 1.9-2.3
times more N than mammalian faeces (Table S3.1). The elevated 3'°N values in the leaves of
seedlings grown on the BIFs compared to seedlings grown on the TIFs and the grassland sites
suggest assimilation of faunal-derived N since the 8'°N in the BIF soils also had high §'°N
values (Table 3.1; Prayag et al. 2020; Aikins et al. 2023). This enrichment of soil §!°N in BIFs
relative to TIFs occurred despite sociable weaver and mammalian faeces having similar §'°N
values, indicating that the mammalian faeces do not contribute strongly to either the soil or

foliar 8'°N in TIFs or BIFs. The availability of N from mammalian faeces is thus questionable.

Elevated foliar P of the seedlings grown in soils of BIFs relative to grasslands was consistent
with the differences in soil P between BIFs and grasslands. This together with the intermediate
concentration of foliar P in seedlings grown on TIF soils suggests that sociable weaver faeces
also contribute P. The high soil P determined by XRF analysis in soils from this study compared
to other savanna soils in Africa (Table 3.1; Table S3.7), is due to the XRF measuring total P.
The calculated citric acid extractable P levels in grassland and TIF soils (Table 3.1) were,
however, low relative to that of the BIFs in the aeolian sand at our study site. The P derived
from sociable weaver faeces together with some contribution from mammalian faeces thus

likely contributed to increased seedling growth on soil BIFs.

The similar growth and foliar nutrient concentration between TIFs and grasslands, despite some
differences in these soils, could be attributed to the fact that the concentration of nutrients in
the soils of TIFs did not address the real limitations that the seedlings had, while the BIF soils
did to a greater extent. This was unexpected because we found an accumulation of mammalian
faecal matter under the TIFs, and therefore expected it to influence the growth of the seedlings.

Furthermore, the mammalian faecal matter had substantial concentrations of nutrients that
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could increase the growth of seedlings in soils from TIFs. The lack of difference in the growth
between the TIFs and grassland seedlings could mean that nutrients in this faecal matter were
not available in soils. Indeed, the faecal matter under these trees is dry and hard (field
observation) in this relatively arid environment, and consequently may not readily decompose
or be washed into the soil to supply nutrients, therefore microbial breakdown is important to
consider. Additionally, according to Brust (2019), the C:N ratio of the organic substrate
between 1 and 15 has rapid mineralization and release of N for the uptake of plants. However,
a ratio of 20 to 30 results in an equilibrium state between mineralization and immobilization
(Brust 2019). The C:N ratios of the mammalian faecal matter under TIFs and BIFs were 22 and
25, respectively, compared to 7.1 in the sociable weaver faecal matter. This implies that N in
the faecal matter of the sociable weaver would be more readily released in BIF soils than N in
the faecal matter of mammals in soils from TIFs and BIFs. Sociable weaver faecal matter is
thus the primary source of nutrients under the BIFs and drives the growth of the seedlings as
this N is readily mineralized and released, while N in the mammalian faecal matter under TIFs
and BIFs may not be. A source of N that is unaccounted for in this analysis is mammalian urine
which we were unable to analyse, although if this was co-deposited with the faecal material it

also did not result in a distinct N concentration or 3'°N in TIF- relative to grassland-soils.

Foliar concentrations of individual nutrients are difficult to interpret since the concentration
depends on both the availability in the soil and the demand for growth, where the demand may
be determined by other nutrient limitations or non-nutrient limitations (e.g. water availability,
root access, nutrient allocation). For example, the accumulation of P in the leaves of seedlings
grown on BIF soils could result from “luxury” uptake (Wookey et al. 1995). The lack of
differences between BIF, TIF and grassland soil grown seedlings in foliar N:P indicates,
however, that these two elements were in balance. Lower values of foliar K:P and Ca:P in BIF

than in TIF or grassland soil grown seedlings is consistent with the soil ratios of these elements.
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This means, firstly, that camelthorn seedlings do not exhibit strong stoichiometric homeostasis
for K and Ca, but rather their tissue nutrient stoichiometries partially depend on soil nutrient
stoichiometries (e.g., Han et al. 2005; Elser et al. 2010). Secondly, the elevated availability of
N and P from sociable weaver faeces is not matched by elevated K and Ca, possibly resulting
in these elements limiting further responsiveness of seedling growth to the input of sociable
weaver faeces. For example, Le Roux et al. (2020) have highlighted the importance of nutrient
stoichiometry in mammalian faecal matter for plant growth. The lack of differences in foliar
K, Ca, and Zn between sites, despite higher levels of these nutrients in the soils of BIFs, may

be due to the higher soil P and N in these soils, enabling growth dilution of K, Ca, and Zn.

Conclusion

I found that savanna islands of fertility differ in terms of constituents and support for plant
growth. I also found that sociable weavers as ecological engineers bring resources together
under trees in these nutrient-poor arid sandy soils that ameliorate nutrient limitations for
camelthorn seedling growth that soils from TIFs could not address despite the high mammalian
faecal input. N and P in BIFs derived from sociable weavers are the main nutrients that
apparently drive the growth of seedlings. My findings thus provide empirical evidence for
colonial birds enhancing the growth of host tree seedlings, and by implication possibly mature

plants with sociable weaver nest, in this savanna ecosystem.
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Supplementary Materials

Table S3.1: Elemental composition (%, based on weight element per foliar dry weight), §'°N

and 613C of mammalian and sociable weaver faecal matter collected under the nest-trees and

trees without nests. The nutrient concentration of the sociable weaver faecal matter is also given

for comparison (data from Prayag et al. 2020). Mean + SE is given for each faecal nutrient.

Means with the same letters in the rows did not differ significantly.

Elements/ Sociable BIFs mammalian TIFs mammalian
isotopes Weavers nutrient nutrient

N (%) 4.81+0.28° 2.09 +0.422 2.54 +£0.422

C (%) 3291 +£1.75*  39.49+3.03° 39.21 +1.69°

P (%) 0.85 +0.06° 0.89 + 0.47 0.42+0.152

K (%) 1.16 £0.10° 0.88 £0.192 0.55+0.132

Ca (%) 1.06 £0.152 3.76 £ 0.95° 2.28 £ 0.48®

Zn (%) 0.019 +0.002° 0.012 +0.003% 0.009+ 0.0012
315N (%o) 10.12+0.22*  9.29+0.27* 9.55+0.332

313C (%o) -21.37+0.52*  -22.21+1.37° -22.4 +£0.822
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Table S3.2: Characteristics of the seeds used for the experiment. Seeds are from a single
camelthorn tree without a sociable weaver nest. Mean size and weight are given as well as

mean pod weight and mean number of seeds per pod (n= 10 pods).

Seed Characteristics Mean £ SE Range
Seed size (mm) 8.29+0.11 7.81 - 8.90
Seed weight (g) 0.30 £0.01 0.25-0.38
Pod weight (g) 18.71 £0.33 13.76 - 22.92
Seeds per pod (#) 17+£0.97 14-21
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Table S3.3: Linear mixed model analysis with camelthorn seedlings growth parameters and
biomass yield as response variables and site (3 levels- BIFs, TIFs and grassland) as a factor.
We included triplets as a random effect. Wald Chi-square values ()?), degrees of freedom (df),

and p-values are provided for each analysis.

Response Variables Factors X2 df P-value
Height Site 18.22 2 <0.001
Tree species 0.003 1 =0.953
Number of leaves Site 18.98 2 <0.001
Tree species 2.44 1 =0.119
1
Stem diameter Site 4.62 2 =0.099
Tree species 1.51 1 =0.219
Shoot biomass Site 18.05 2 <0.001
Tree species 0.02 1 =0.888
Root biomass Site 3.89 2 =0.143
Tree species 1.22 1 =0.270
Root-to-shoot ratio Site 9.30 2 =0.010
Tree species 2.13 1 =0.144
Total Biomass Site 12.36 2 =0.002
Tree species 0.22 1 =0.637
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Table S3.4: Linear mixed model analysis with camelthorn seedlings foliar nutrients as response
variables and site (3 levels- BIFs, TIFs and grassland) as a factor. We included triplets as a
random effect. Wald Chi-square values (y?), degrees of freedom (df), and p-values are provided

for each analysis.

Response Variables Factors X2 df P-value
Foliar N Site 25.96 2 <0.001
Tree species 0.62 1 =0.431
Foliar 615N Site 74.94 2 <0.001
Tree species 0.02 1 =0.876
Foliar 63C Site 2.19 2 =0.334
Tree species 1.09 1 =0.297
Foliar N:P Site 5.70 2 =0.058
Tree species 0.22 1 =0.642
Foliar P Site 8.75 2 =0.013
Tree species 0.27 1 =0.597
Foliar K Site 0.95 2 =0.623
Tree species 0.76 1 =0.383
Foliar Ca Site 4.81 2 =0.090
Tree species 0.14 1 =0.709
Foliar Zn Site 2.62 2 =0.269
Tree species 3.78 1 =0.052
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Table S3.5: Foliar nutrients (mean = SE) of camelthorn seedlings grown on BIFs, TIFs and grassland sites in this study compared with foliar nutrients

of camelthorn trees reported by other authors. Means with the same letters in the rows did not differ significantly. All percentage values are based on

the weight of the element per dry-weight plant tissue.

Nutrient
(%, wiw)

Current study Aikins et al. 2023b Mnisi and Mlambo Ravhubhali ef al. Ditlhogo et
(unpublished) 2016 (Livestock farm) 2020 al. 2020

Bird islands Tree islands Grassland Bird islands of  Tree islands of Molelwane  Masuthle Clay- Red- Kgalagadi

of fertility of fertility fertility fertility loamy brown District,

soil sand Botswana
soil

3.05+£0.16°  2.33+0.09* 2.19+0.072 2.94+0.1 2.78£0.1 2.35 2.47 2.42 1.99

0.50£0.06° 0.42+0.07*  0.28 £0.04° 0.23+0.02 0.20 £0.02 0.04 0.05 0.07
2.11+0.18  3.02+0.49° 2.39+0.28° 1.55+£0.11 1.42+0.11 0.02
2.07+£0.160 322+051° 2.21+0.25 1.13+£0.16 1.47+0.23 6.78 3.15 0.09
0.0049 £ 0? 0.0048 £ 0* 0.0048 + 0* 0.003+0.001  0.004+0.001  7.56x10*  5.52x10*

0.74 £0.16* 1.01 £0.23* 0.72+0.11* 0.58 £0.05 0.57+0.06

0.13+£0.03*  0.05+0.02* 0.01 +£0° 0.06 +0.02 0.06 £ 0.02

0.51+0.1° 1.88+0.782 0.52+0.1° 0.31£0.02 0.36+0.06

0.05+0.03*  0.03+0.01° 0.06 £0.032 0.1+0.06 0.06 +£0.04

1.36 £1.01* 1.05 £ 0.46* 1.68 £1.1° 3.78 £2.47 2.04+1.75

0.56 £ 0.07° 1.0+0.21° 0.67 £0.07% 0.18 £0.01 0.17+0.01

3.58+0.53* 458 +0.81° 3.88+0.67%

1.88 £0.36* 2.5+0.52° 2.5+0.52*

0.08+0.06*  0.04 +0.03° 0.1 £0.07° 0.37+0.25 0.19+0.17
0.00238 £0*  0.00238£0*  0.00240+0*  0.007 £0.005  0.004 + 0.003
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Table S3.6: Foliar nutrients (mean) of other Vachellia species reported by other authors. N was
calculated from crude protein values using the conversion % N = % crude protein/6.25 (Jones

1931). All percentage values are based on the weight of the element per dry-weight plant tissue.

Author Plant Species N (%) P (%) K Ca Zn
) (%) (%)

Marume, et al. Vachellia karroo 3.71 0.08 2.3

(2012)

Brown et al. (2016)  Vachellia karroo 2.02 0.14 1.24 1.64

Kahiya et al. (2003)  Vachellia karroo 1.96

Mokoboki et al. Vachellia karroo 1.73
(2005)

Aganga et al. (2000)  Vachellia karroo 2.02 0.13 0.97 1.73  0.007

Mapiye et al. (2009)  Vachellia karroo 2.37 0.008 0.187 0377 0.002

Aganga et al. (2000)  Vachellia tortilis 2.27 0.18 1.05 1.47  0.006

Aganga et al. (2000)  Vachellia nilotica 2.90 0.14 1.37 0.93  0.007

75



Table S3.7: Soil total phosphorus of selected African savannas measured using an XRF element

analyzer. Range of means is given for each site where the soils were collected. Percentage values

are based on weight of elements per dry weight soil.

Country Description Soil Total P Source
(%)
South Africa  Kruger National Park 0.01-0.0124  Hartshorn et al. (2009)
Cameroon Annual grass savanna 0.0383 Sugihara et al. (2017)
(Eastern Cameroon)
Cameroon Transition savanna, 0.0316-0.0997 Domingues et al. (2015)
Mbam-Djerem National
Park
Cote D’Ivoire/ Savanna soils 0.045-0.082  Baumann et al. (2021)
Burkina Faso
Burkina Faso  Sudan Savanna 0.032 Iwasaki (2022)
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Chapter 4: Growth benefits and costs to trees hosting colonial birds that build

large avian nests

Abstract

The interactions of organisms within communities are a vital component of functioning
ecosystems. The benefits and costs of specific biotic interactions could fluctuate with the life stages
of the species and environmental variability. We evaluated the benefits and costs of the biotic
interactions between sociable weavers Philetairus socius and their host trees in the Kalahari. The
presence of a sociable weaver nest may have nutritional benefits due to the faecal deposition below
the nests, but the presence of the nest mass could exert a cost to the host trees through branch
breaking and tree canopy cover. We hypothesised that the presence of sociable weaver nests on
host trees would benefit host trees via the deposition of the faunal nutrients under the nest trees
and costs to host trees due to the loss of photosynthetic area and physical damage. We assessed
foliar nutrients, biomass growth, canopy area loss, branch fall, and tree mortality of host trees and
control trees in the Tswalu reserve in South Africa. We found the benefits of hosting the sociable
weaver nest to include higher foliar N, P, K, and Ca. The costs include an average 30% reduction
in the photosynthetic area of nest trees, significantly more and larger branch fall in nest trees, and
a mean of 39% dead terminal nest branches. We also found that the rate of dieback in trees was
higher for nest trees than for trees without a nest. Together, these costs could form a significant
proportion of the productivity of the trees. We found nutritional benefits and physical damage in
this interaction, but a cost-benefit evaluation would require an analysis of the consequences of

reproductive fitness for host trees.
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Introduction

Interspecific biotic interactions determine the organisation and functioning of ecosystems through
direct positive, neutral, or negative interactions within or between trophic levels (Traveset &
Richardson 2014). The costs and benefits of a specific biotic interaction could fluctuate with
species ontogeny and environmental variability, with costs outweighing the benefits or vice versa
during certain times in the lifespan of the interacting individuals (Newman et al. 2022) or under
particular conditions (Lang & Benbow 2013). Because the net fitness effects of the biotic
interaction are the theoretical basis for considering the interaction mutualism, parasitism, or
commensalism (Ewald 1987; Johnson et al. 1997), this may complicate categorising certain
interactions, which could, for example, start as mutualistic but change to parasitic in nature with
time in the relationship, age of the host, or environmental conditions (Ewald 1987; Johnson et al.
1997; Newman et al. 2022). Therefore, mutualism and parasitism are extremes of a dynamic
continuum of species interactions called the “mutualism-parasitism continuum” (Ewald 1987;

Johnson et al. 1997).

Positive interspecific interactions are common and are significant drivers of community species
diversity (Bronstein 1994a; 1994b). Positive interactions between plants and animals can alter
plant and animal communities, particularly in harsh environments, by improving environmental
conditions to benefit the interacting species (Greenlee & Callaway 1996; Choler et al. 2001;
Callaway et al. 2002; Olofsson 2004; Brooker et al. 2008). In mutualisms, heterospecific partners
may obtain resources or services they cannot easily produce or acquire otherwise. For example,
mutualists can help in the movement of organisms or their gametes, as is the case in pollination
and seed dispersal (Schoonhoven ef al. 2005; Barker & Bronstein 2016). They may also protect

partners from natural enemies, such as defensive mutualisms of ants with plants (Rico-Gray &
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Oliveira 2007) and provide essential nutrients, such as in the association between colonial birds
and their host trees (e.g., Prayag et al. 2020; Aikins ef al. 2023). Mutualisms do not only involve
benefits but also costs to hosts, and several studies have measured these costs. For example, in the
relationship between plants and mycorrhizae, it is estimated the plant uses about 20% of the total
carbon production to support mycorrhizae (Johnson et al. 1997). The knowledge that mutualisms
involve costs is not new, as cost and benefit analysis has been a standard method in studying the
ecological dynamics of mutualism in various systems (Roughgarden 1975; Keeler 1985; Bronstein

2001a). Thus, there is a fine line between what might be considered mutualism versus parasitism.

Biotic interactions between nesting or roosting birds and their tree hosts can produce nutritional
benefits for the host trees. For instance, seagull guano input under host plants significantly
increased leaf N, P, Zn, and all K ratios of Salsola species on islands in Northern Africa (Garcia
etal. 2002). An increase in the number of vascular plant species and enlargement of the leaf surface
has been observed in nitrophilous species in forests that host heronries in Poland (Zolkos &
Meissner 2008). Despite the benefits that birds provide to their host trees, their association also
results in costs. For instance, cormorant colonies collect twigs from host trees by stripping
branches near their nests (Lemmon et al. 1994), resulting in the death of the trees (Koh et al. 2012;
Traveset & Richardson 2014). These costs/benefits of bird-host tree interaction are well
documented in seabird colonies on islands and some forest ecosystems but less so in desert

ecosystems where oligotrophic soils predominate.

Desert ecosystems are characterised by low productivity, mainly due to water limitation (Laity
2009; Yahdjian et al. 2011) and nutrients, particularly in sandy deserts (Laity 2009; Yahdjian et
al. 2011). Biotic interactions in desert ecosystems may play a crucial role in addressing the

challenges of extreme conditions (Franklin ef al. 2016). Biotic interactions can alleviate water
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stress (e.g. hydraulic redistribution, Bogie ef al. 2018) and elevate soil nutrients by trapping runoff
deposition (Tongway & Ludwig 1994; Throop & Belnap 2019). Faunal nutrients, especially from
colonial birds, are an essential source of soil nutrients for terrestrial ecosystems in some hyperarid
lands or deserts, where the amount of nutrients is naturally limiting (Laity 2009; Yahdjian et al.
2011; Aikins et al. 2023). The association between the sociable weaver (Philetairus socius) and
its host trees (camelthorn tree Vachellia erioloba or shepherd tree Boscia albitrunca) is a useful
system for investigating the potential benefits/costs of the presence of colonial birds on the growth

of host trees in the desert ecosystem.

We investigated the costs and benefits of the association between colonial sociable weavers and
their host trees. Sociable weavers build huge perennial nests in host trees that attract numerous
other animal associates (Maclean 1973b; Lowney & Thomson 2021) and are ecosystem engineers
(Lowney et al. 2020; Lowney & Thomson 2022). The sociable weaver faecal matter accumulation
under the nest increases soil C, N, and P compared to grassland and tree soils (Prayag et al. 2020;
Aikins et al. 2023) and may increase biomass yield and foliar nutrients in host trees and their
seedlings. Trees with sociable weaver nests also receive more mammalian faecal input under their
canopies (Aikins et al. 2023a, unpublished). Although the high faunal nutrient input could increase
host tree growth, the presence of the nest mass on the trees could also hinder the growth of the host
trees. We hypothesized that the presence of the sociable weaver nest on host trees and the
deposition of the faunal nutrients under the trees would result in benefits and costs to host trees
and intensifies with nest size. We predicted that host trees would have higher leaf nutrients, greater
terminal shoot growth, and a higher leaf area index than trees without sociable weaver nests. We

also predicted that trees with nests would have associated costs, including reduced photosynthetic
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area, higher branch fall, a higher number of dead main branches, a higher number of dead terminal

branches, and higher mortality.

Figure 4.1: Camelthorn trees (7 m tall) host enormous sociable weaver nests, but at what cost?

Materials and Methods

Study area

This study was carried out in the Tswalu Kalahari Reserve in the Northern Cape Province of South
Africa (27.225° S 22.478 ° E). The study site is arid, with an annual mean temperature of 20.3° C,
an annual mean maximum of 29.5° C, and a minimum of 11.1° C (Cromhout 2006). It experiences
highly variable summer rainfall (December-March) with a mean of 325 mm per year (range 175 -

595; van Rooyen & van Rooyen 2017). The reserve is in the desert biome (Mucina & Rutherford
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2006) with grasses and herbs (primarily visible in the summer rainfall season) with sparsely
distributed trees (mainly camelthorn Vachellia erioloba and shepherd tree Boscia albitrunca).
Shrubs, including blackthorn (Senegalia mellifera) and three-thorn (Rhigozum trichotomum), are
common and grow primarily in the interspaces between trees. The trees selected for this study were
within the Koranna-Langeberg Mountain Bushveld and the Olifantshoek Plains Thornveld
(Mucina & Rutherford 2006).

Study design

I randomly selected 61 trees that contained sociable weaver nests out of over 250 nest trees mapped
in the study area. I chose a nearby tree of the same species without a weaver nest as the control for
each selected nest tree. These ‘control’ trees were chosen in the proximity of nest trees (mean 78
m: range 16 m — 192 m). The sampling resulted in 33 camelthorn trees with weaver nests paired
with 33 control camelthorns without a weaver nest. Similarly, 28 shepherd trees with a sociable
weaver nest and 28 paired control trees without a nest. Camelthorn and shepherd trees comprise
96% of the trees that host sociable weaver nests in the study area (Olubodun et al. 2023). 1
measured the diameter at breast height (DBH) with a tape measure and the heights of all 122 trees
using a hypsometer (Nikon Forestry Pro, Nikon Vision Co., Ltd, Tokyo, Japan). Sociable weaver
nests exist as a collection of individual chambers; the number of nesting chambers per colony was
counted. The number of chambers is a good proxy for the colony size and the number of individual
sociable weavers (Leighton & Echeverri 2014).

Field measurements

I measured the leaf area index (LAI) of all nest and control trees using the gap fraction method
with a CI-110 digital canopy imager (CID Bio-Sciences, Washington, USA). I also measured the

nest and canopy area of each nest tree by photographing the nest trees from a distance (10 m — 20
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m), allowing a full view of the entire tree. Images were taken at a height that allowed lateral mid-
canopy views of the tree by mounting a camera on a tall monopod. I included a 1-meter pole and
a 297 x 210 mm white card (A4 paper) in the frame of each image to serve as a scale of

measurement among the images.

To measure the area of the tree canopy in pixels, I used the magic wand selection tool of Adobe
Photoshop CS5 Extended software (Adobe Systems Incorporated, Version 12.0) to select the area
covered by the entire tree canopy in the image and the corresponding area in pixels given by the
histogram output in the software. A similar procedure was followed to calculate the areas of the

nest and the white card in pixels and scaled to the area of the card (0.062 m?).

I counted the number of living and dead primary branches (primary branch here refers to the branch
that grows directly on the main stem) per tree to assess the condition and fall of branches from
both nest and control trees. I also evaluated the extent of branch fall by counting the number of
fallen branches (twigs less than S5cm in diameter were not counted as fallen branches) and
measured the diameter of fallen branches per tree. Further measurements were carried out only in
nest trees to quantify the degree of nest-branch survival. I counted the number of dead (dry wood
with no leaves) and living nest branches in the 61 selected trees. I also counted the number of
terminal branches alive or dead on each nest branch. I recorded all nest branch fall at the end of
the rainy season for three years (2019, 2020, and 2021). I used these data to determine the factors
that contribute to the fall or survival of the nest branch. To assess tree mortality, I assessed
individual nest trees in 2021 to document the death of part or all of the tree. Death of a branch or
tree was defined as the loss of leaves on the branch or entire tree coupled with dried terminal and

main branches.
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I sampled the terminal shoots of the current year (10 — 20 cm long, usually light-coloured, tender
and smaller in size) from the north, south, west, and east axes of each of the 122 selected nest and
control trees. For the nest trees, the terminal branches sampled did not host the sociable weaver
nest. However, I expected that the branch that hosted the nest would have a higher cost than other
branches on the same nest tree that did not host the nest. Therefore, to determine the possible effect
of nest cover on the biomass of the leaf and terminal shoots of the nest branches, I sampled the
terminal shoots from the current year growth indicated by the seasonal intercalation on the stem
or changes in the stem colour (10 — 20 cm) at the tip of the branches that hosted the nest (referred
to as 'nest branch' hereafter). Therefore, there were three categories of the branch (termed ‘branch
type’ below): nest branch (the branch that hosted the nest), control branch in nest tree (those not
host the nest), and control branch in control tree (branches in the tree without a nest). I weighed
each terminal shoot, stripped the leaves, measured the length and the diameter and weighed the
leaves from the four sampling points of each tree. The diameter (D) was measured at the base of
each current-year terminal shoot with digital callipers. I calculated the cross-sectional areas of the
current year terminal shoots from the diameter using the formula; (CSA) CSA = nD*4 (Sone et
al. 2005). The leaves of each branch type were pooled and oven dried at 70 °C to constant weight

for the analysis of the nutrients and isotopes.
Analysis of leaf nutrients and isotopes

The oven-dried leaves of camelthorn and shepherd trees were crushed in a mortar and pestle and
then milled to powder using a ball mill (MM200, Retsch, Germany). The powdered leaf samples
were placed in XRF sample cups sealed with a 4 um Polypropylene thin film (Chemplex Industries
Inc, Florida, USA) at the bottom. They were then inserted into an Energy Dispersive benchtop X-

Ray Fluorescence (EDXRF) Spectro Xepos spectrometer (Spectro, Amatek materials analysis
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division, Kleve, Germany). The analysis was controlled by a computer data acquisition system
using a specialized software program Spectro X-Lab Pro which incorporates the TurboQuant
software for automatic matrix effect correction. The instrument was calibrated using a certified
standard GBW07312 (National Research Centre for Certified Reference Materials, Beijing,
China), for which elemental concentrations were obtained from the NOAA Technical
Memorandum NOS ORCA 68 (1992). The elements of interest to this study were P, K, Ca, and
Zn, as these minerals were recorded in higher concentrations in the faecal matter of the sociable

weaver (Prayag ef al. 2020) and the soils under the selected trees (Aikins et al. 2023).

The analyses of C, N, §!°N, and 3'3C were performed using a mass spectrometer. The oven-dried
and milled leaves of the shepherd and camelthorn trees were weighed into tin capsules (Elemental
Microanalysis Ltd, Devon, UK). These were then combusted in a Flash 2000 organic elemental
analyzer (Thermo Scientific, Bremen, Germany) and the gases were passed to a Delta V Plus
isotope ratio mass spectrometer (IRMS) via a Conflo IV gas control unit (Thermo Scientific,

Bremen, Germany). Results were calibrated using two in-house standards and one IAEA standard.

Data analysis

I performed a linear mixed model analysis in R with the nlme package (Pinheiro ef al. 2022). Data
were checked for normality (qqnorm plots) and homogeneity (using the Breusch-Pagan Test from
the Imtest package; Breusch and Pagan 1979) of the variances, and I used the appropriate variance
functions: model = Ime (Y ~ X, random=~1|S, data=df, weights=varldent(form=~1|X), method =
“REML”) to address the issues of heteroscedasticity. I tested leaf nutrients, leaf biomass, and
terminal shoot biomass as response variables. I used the 'branch type' and tree species (i.e.,

camelthorn and shepherd trees) as fixed factors and their interaction in the models. The interaction
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term determines whether the nest impacts the two species of trees differently. A measure of tree
size was also included as a fixed effect to control for differences in tree size. The interaction term
was removed in all models if they did not explain significant variation (p > 0.05). I included ‘tree
pair identity’ (nest tree and control tree numbers) as a random effect. I used the ‘Anova’ function
to test whether the model terms explain a significant proportion of the variation in the data. Where
significant variation was found, it was followed by pairwise comparison (Tukey’s post-hoc test)
of the group levels conducted using the emmeans package (Lenth 2019) in R. A similar analysis
was used to analyse each tree species independently for the branch type effect and each branch
type independently for the species effect. I also used the same analysis to compare the canopy area,
nest area, branch fall, diameter of fallen branches, leaf area index, proportion of dead to living

main stem and living and dead terminal branches between tree species.

To evaluate the relationships between nest branch outcome (i.e., fall or survive) and nest tree
characteristics, I ran a generalized linear model (GLM) with binomial distribution using the logit
link function in R. Firstly, I assessed tree species as an explanatory variable affecting the
occurrence probability of nest branch outcome as response variables. Secondly, we tested nest tree
characteristics (number of nest chambers, diameter of the base of the main nest branch, diameter
of the tip of the main nest branch, percentage dead terminal nest branch, and percentage cover of
the nest area cover), as an explanatory variable in predicting the occurrence probability of nest

branch outcome. Model plots were made using the visreg R package (Breheny & Burchett 2017).
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Results

Characteristics of the study system

Despite selecting similarly-sized trees in an area of 200 m radius from focal nest trees, camelthorn

nest trees were significantly larger (mean DBH, ¥~ = 14.33, p < 0.001) and taller (y~ = 28.57, p <

0.001) than camelthorn control trees (Table 4.1). For shepherd trees, there were no differences in

DBH between nest trees and control trees, but the nest trees were taller than the control trees (Table

4.1). The nests in camelthorn trees had more nest chambers than the nests in shepherd trees (t =

5.76, p <0.001) and more chambers per DBH (2.23 vs 1.29 per cm).

Table 4.1: Characteristics of trees with and without sociable weaver nests selected for the study.

The range, mean and standard error (SE) of diameter at breast height (DBH), height, and the

number of nest chambers are provided. Different letters associated with mean values in columns

indicate significant differences (P < 0.05) between values for the specific measures as determined

by the Tukey post-hoc test (DBH and height) and the Student’s t-test (nest chambers).

Tree species DBH (cm) Height (m) Nest Chambers
Mean + Range Mean £+ SE = Range Mean £+ SE = Range
SE

Camelthorn

Nest tree (n = 33) 42 £19°  14-70 5.72+£0.23¢ 2.8-8.6 94 + 7° 12-189

Control tree (n =33) 35=+1.32 22-50 496+0.20> 3.2-7.4

Shepherd

Nest tree (n =28) 34+£1.2° 23-52 4.81+0.16> 4.0-7.0 44 + 42 7-93

Control tree m=28) 31=+1.6 21-56 426+0.132 3.0-6.0
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Plant Nutrition

There was a significantly higher foliar N in the camelthorn control branch in control trees than in
the shepherd control branch in control trees. Foliar N was significantly higher in the shepherd nest
branch than in the control branch in control trees but not higher than in the control branch in nest
trees (Figure 4.2, Table S4.1). The interaction between tree species and branch types explains the
variation in foliar 8'°N. The nest branch and control branch in nest trees of both tree species had a
higher 8!°N than their control branch in control trees. Foliar P was higher in camelthorn than in
shepherd tree species. Foliar P was significantly higher in the nest branches of both species of trees
than in their respective control branches in nest trees and control branches in control trees. There
was significantly higher foliar K in shepherd than in camelthorn control branches in nest trees and
control branches in control trees. The foliar K of camelthorns varied between branch types, with a
higher concentration in the nest branch than its control branch in nest trees and the control branch
in control trees. However, foliar K in shepherd did not vary between branch types (Figure 4.3,
Table S4.1). Foliar Ca was higher in shepherd than in camelthorn tree species. Foliar Ca in
shepherd trees varied between branch types, with higher foliar Ca in nest branches than in control
branches in nest trees but not control branches in control trees. In camelthorn trees, the foliar Ca
did not vary between the branch types. Foliar Zn did not, however, vary with tree species or branch

types (Figure 4.3, Table S4.1).

Foliar C:N and Zn:P ratios were higher for the camelthorn and shepherd control branch in control
trees than for the nest branch but not the control branch in nest trees (Table 4.2, Table S4.1). There
was no difference between the control branch in nest trees and the nest branch for these ratios
(Table 4.2, Table S4.1). The foliar N:P ratio was higher in the control branch in control trees and

the control branch in nest trees than in the nest branch of both tree species. There was, however,
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no difference in K:P and Ca:P ratios between branch types of both tree species. The foliar N:P,

K:P, and Ca:P ratios were higher in shepherd trees than in camelthorn trees.
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Figure 4.2: Foliar nitrogen and isotope (N and 8'°N) per branch type for camelthorn and shepherd
trees. Circles represent the mean, and the boxes and horizontal lines represent the first and third
quartiles and the medians, respectively. The whiskers represent 1.5 x the interquartile range.
Outliers above/below are shown as dark points. Each species was analyzed independently for
branch type effect using Tukey’s post-hoc test. Letters indicate statistical differences based on
Tukey’s post hoc test, and error bars represent the standard error (SE). Each branch type was also
analyzed independently for species effect using Tukey’s post-hoc test with significant and non-
significant species comparisons for each site denoted by * = p<0.05, ** = p<0.01, *** =p <

0.001 and ‘ns’, respectively.
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Figure 4.3: Mean foliar minerals (P, K, Ca, and Zn) per branch type for camelthorn and shepherd

trees. Circles represent the mean, and the boxes and horizontal lines represent the first and third

quartiles and the medians, respectively. See other figure details in figure 4.2.
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Table 4.2: Foliar nutrient stoichiometry (g/g) of a mature camelthorn and shepherd tree from the nest branch, the control branch in the
nest trees, and the control branch in the control trees. The mean + SE is reported for each branch type and the nutrient stoichiometries.

Means with the same letters in columns did not differ significantly after a Tukey post-hoc test.

Branch type Foliar nutrient stoichiometries (mean + SE)

C:N ratio N:P ratio K:P ratio Ca:P ratio Zn:P ratio
Camelthorn
Nest branch (n=33) 15.9+£0.74®  11.6+1.63? 6.71 £1.932 8.87 +£2.932 0.014 £ 0.0032
Control branch in nest tree (n=33) 17.0 £0.50%¢ 17.1 £1.63° 8.10 £ 1.932 8.51+£2.932 0.018 £ 0.003%
Control branch in control tree (n=33) 18.3 £0.59°¢ 17.5+1.63° 7.34 £1.932 13.70 £2.932 0.029 £ 0.005"¢
Shepherd
Nest branch (n=28) 15240770 424 +1.72¢ 3427 +2.05°  43.40+3.10° 0.039 + 0.003¢
Control branch in nest tree (n=28) 16.4 +£0.53%¢ 479 +1.72¢ 35.66 £2.05>  43.04 £3.10° 0.042 £ 0.003¢%4
Control branch in control tree (n=28) 17.7+0.62> 482 +1.72¢ 3490 +£2.05> 4823 +£3.10° 0.054 + 0.005¢
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Leaf biomass

There was significantly lower leaf weight per branch length in the nest branch than in the control
branches of both the nest and the control trees (Figure 4.4A), but the control branch in the nest
trees did not differ from the control branch in the control trees. Leaf weight per branch cross-
sectional area was significantly higher in shepherd control trees than in camelthorn control trees
(Figure 4.4B). Branch weight per branch length was, however, significantly higher in camelthorn
than in shepherd trees (Figure 4.4C). Leaf weight per branch cross-sectional area, branch weight
per branch length and cross-sectional area, and leaf moisture as a percentage of dry weight did not

vary between the branch types.
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respectively. See other figure details in figure 4.2.
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Nest cover

Camelthorn nest trees have significantly larger tree canopy areas (1.4-fold) and nest areas (1.6-
fold) than shepherd nest trees (Table 4.3). Although camelthorn trees have significantly larger
nests than shepherd trees, the percentage of total canopy area cover lost to the nest did not vary
between these tree species (Table 4.3), with approximately 30% of the nest tree canopies of both

tree species lost due to the sociable weaver nest.

Table 4.3: Tree canopy and nest area of the tree selected in this study. The mean, standard error
(SE) and range are provided. Different letters associated with mean values in columns indicate

significant differences between species (P < 0.05) as determined by the linear mixed model.

Tree species Canopy Area (m?) Nest Area (m?) % Nest Cover

Mean £SE =~ Range Mean £+SE  Range Mean +SE Range
Camelthorn (n=33) 16.4+£1.06> 6.3-32 4.9+£0.37° 1.70-8.6 31+£2.32 10.4-64
Shepherd (n=28) 11.7+0.94*  3.9-29 3.0+£0.25*  0.87-5.9 29+3.22 9.4-75

¥ =10.6 v =157 ¥ =0.29

p=10.001 p <0.001 p=0.590

Branch fall and leaf area index

The number of fallen branches varied significantly with the interaction between the tree species
and tree type (Table S4.3). Shepherd nest trees had a significantly higher number of fallen branches
than shepherd control trees and also camelthorn nest and control trees (Figure 4.5A). There were,
however, no significant differences in the number of fallen branches in camelthorn nest and control
trees. There was a significantly larger diameter of fallen branches in nest trees than in control trees

of both tree species (Figure 4.5B). This variation did not vary with tree species. The leaf area index
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did not vary with tree species and type (Figure 4.5C). The presence of a nest in trees did not
significantly affect the proportion of dead to the living main branch of camelthorn and shepherd

trees (Figure 4.5D).
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represent the mean, and letters indicate a Tukey’s pairwise comparison between species and sites.
The boxes and horizontal lines represent the first and third quartiles and the medians, respectively.
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Nest branch mortality

For camelthorn trees, 88% of the main nest branches were alive, with about 12% dead, while none
of the shepherd tree’s main nest branches was dead. There was a significantly higher number (1.59-
fold) of dead terminal nest branches on camelthorn nest trees than on shepherd nest trees (Table
4.4). The percentage of dead terminal branches to living terminal branches was significantly higher
in camelthorn nest trees than in shepherd nest trees (Table 4.4). The ratio of living to dead terminal

branches in camelthorn nest trees was 3:1, while shepherd nest trees had a ratio of 4:1.

Table 4.4: Living and dead terminal nest branches of camelthorn and shepherd nest trees. The
mean, standard error (SE), and range of living and dead terminal branches are provided. Different
letters associated with mean values in columns indicate significant differences (P < 0.05) as

determined by the linear mixed model.

Tree species Living terminal nest Dead terminal % of dead terminal

branch nest branch nest branch

Mean £+SE  Range Mean +SE  Range Mean+SE  Range

Camelthorn (n=33) 8.6+0.82  0-18 6.5+0.66° 0-15  46+4.1° 17-100
Shepherd (n=28)  11.942.24% 2-47 4140.59°  0-10  3143.6° 9-75
1 =2.258 1 = 7.450 = 8.073
p=0.133 p = 0.006 p = 0.004

Predicting nest branch fall

The assessment of the nest branch fall shows that nest branch fall varied significantly with tree
species (x~ = 5.72, p=0.017; Figure 4.6A). There was a significantly higher nest branch fall in the
camelthorn nest trees (36%) than in the shepherd nest trees (11%). The probability of a nest branch

fall was higher in camelthorn trees and lower in shepherd trees. I also found that the percentage of

98



dead terminal nest branches significantly predicted the probability of the nest branch fall in

camelthorn trees (y= = 5.49, p-value = 0.019; Figure 4.6B).
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Figure 4.6: Effects of tree species (X-axis) on the occurrence probability of nest branch fall (Y-
axis) in sociable weaver colony trees (Figure 4.6A). Effects of % dead terminal nest branch (X-
axis) on the occurrence probability of nest branch fall (Y-axis) in sociable weaver colony trees
(Figure 4.6B). Observations along the x-axis are indicated by the vertical rug lines while the dark

band along the blue line indicates a 95% confidence interval. The blue line is the prediction line.
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Mortality of host trees

I found that tree mortality was significantly higher in nest trees than in trees without a nest (x° =
36.08, p <0.001; Figure 4.7). There was approximately 4-fold higher tree mortality in camelthorn
nest trees than camelthorn control trees. In shepherd trees, there was 11-fold higher tree mortality
in nest trees than in control trees. Tree mortality did not vary significantly between camelthorn

and shepherd trees (y= = 2.79, p = 0.095; Figure 4.7; Table S4.3).
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Figure 4.7: Tree mortality in nest and control trees of camelthorn and shepherd. The boxes and
horizontal lines represent the first and third quartiles and the medians, respectively. Whiskers
represent 1.5 X the interquartile range. Circles represent the mean, and letters indicate a Tukey

pairwise comparison between species and sites. Outliers above/below are shown as dark points.
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Discussion

The benefits of the sociable weaver nest for host trees include high foliar N and Ca for shepherds,
high foliar K for camelthorns, and higher P for both tree species. On the contrary, for shepherd
trees, I found lower leaf weight per branch length for the nest branch than in the control branch in
nest trees and the control branch in control trees. However, I did not find any difference in leaf
weight per branch length of camelthorn trees. The costs identified include a reduction in the
photosynthetic area of nest trees, significantly more branch fall (only in shepherd trees) and larger
branch fall in nest trees and high dead terminal nest branches. I also found that tree mortality was

higher for nest trees than for control trees.

The benefits of hosting a weaver nest for the trees are largely restricted to potential gains in nutrient
availability. One of the main nutrients that might play a role is N since the weaver faeces are rich
in N (Prayag et al. 2020) and N is a scarce resource in this sandy environment (Aikins et al. 2023).
The higher foliar N in the nest branches and nest trees than the control trees in shepherd trees could
be attributed to the high faecal deposition by the sociable weavers under the host trees. The high
8'°N in nest branches in nest trees and control branches in nest trees suggest assimilation of faunal-
derived N, since the '°N in sociable weaver-enriched soils (Prayag et al. 2020; Aikins et al. 2023)
had similarly high values. Additionally, the lower foliar !N values in camelthorn tree species

than in shepherd tree species may indicate N fixation by the camelthorn trees.

The nutritional benefits of hosting the sociable weaver nest included higher foliar P, K, and Ca in
the nest branch than in the control branch in the nest trees and in the control branch in the control
trees. This could be due to roots that support the nest branch growing in the direction of the branch

carrying the nest, and accessing more nutrients from the sociable weaver faecal matter deposited
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under the nest. Smethurst (2004) found that the rate of uptake of soil nutrients depends on the
concentration in the soil solution immediately adjacent to the root. The higher foliar P, K, and Ca
also suggest that the fewer terminal leaves on the nest branch in nest trees undergo more
photosynthesis to support the whole branch covered by the nest and consequently have higher
elemental concentrations. This is explained by the findings of Glanz-Idan et al. (2019), who found
photosynthetic rate upregulated in partial defoliation or shading, and during this process, mineral
nutrition, especially P and K, plays an important role (Jakli ez al. 2017; Jin et al. 2015). Differences
in foliar nutrients in branch types could also be explained by the concept of branch autonomy,
which suggests that branches operate independently of neighbouring branches driven mainly by
environmental factors (Sprugel et al. 1991), like soil nutrients. The higher foliar P in camelthorn
than in shepherd trees could also be attributed to N> fixation, as leguminous plants are highly
efficient in P acquisition due to their cluster root system (Lambers et al. 2006; Lambers et al.
2013). Ribet and Drevon (1996) reported high P efficiency in Acacia mangium. The high N:P ratio
in camelthorn and shepherd control branch in nest tree and control branch in control tree than in
nest branch could indicate an increased limitation by P relative to N. The astonishingly high N:P
ratios in shepherd trees compared to those in camelthorn show a massive environmental signal due

to limited P in that context.

The costs in sociable weaver-host tree interactions are diverse. I found significantly lower leaf
weight per branch length in the nest branch, which I attributed to the loss of photosynthetic area
caused by the nest cover; hence the terminal branches on the nest branch produce fewer leaves.
Shading has been reported to decrease leaf thickness, dry matter content and mass per unit area
(Yang et al. 2019). The difference in leaf thickness and size between camelthorn and shepherd tree

leaves, as observed in the field, may explain why shepherd trees have a higher leaf weight per
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branch diameter in the control branch in control trees. Leaf thickness has been reported to

determine leaf mass per area (Poorter ef al. 2010; Ye et al. 2020).

There was also a high cost of loss of photosynthetic area in nest trees. The nest trees lost a mean
of about 30% of their canopy area to the sociable weaver nest, implying fewer leaves involved in
photosynthesis which could affect the productivity of these trees. Although there are larger nests
on camelthorn trees, the sociable weavers only build their nests to cover the same percentage of
the tree canopy, irrespective of the tree species. The area of the tree canopy covered by the nest
depends on the sociable weaver population; therefore, larger colonies occupy more canopy area,
resulting in more cost in terms of loss of photosynthetic area. Aizen et al. (2014) reported that the
higher population of a partner in a mutualism than the host’s carrying capacity could result in more
cost to the host. Several authors have also reported the effect of colonial birds on host trees (Hobara

et al. 2001; Hebert et al. 2005; Veum et al. 2019).

Branch fall is a significant carbon, productivity, reproductive and nutritional cost to trees, and I
found more branch fall in shepherd nest trees than in control trees, and larger branch falls in nest
trees than in trees without a nest in both tree species. The branch fall could be due to the nest
covering the canopy area resulting in the death of terminal branches and subsequently leading to
branch fall. Furthermore, the weight of the nest, especially when wet, could cause the living
branches to break. In our field trial, we found that the weight of the nest could double when soaked
by rainfall. Apart from branch fall, there was a high cost in terms of significantly more dead
terminal branches on camelthorn nest trees than on shepherd nest trees. This could be attributed to
the tree’s architecture. The branching architecture of camelthorn trees attracts sociable weavers to

build their nests on a selected secondary branch. However, in shepherd trees, the secondary
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branches are not large enough to support a nest; hence they build in several primary branches,

which becomes less vulnerable to complete takeover by the nest.

Nest trees were more susceptible to mortality than trees without a nest, and this could be attributed
to the large size of the sociable weaver nest, which covers most of the leaves and branches of the
tree. I found a mean of 30% (up to 75%) of the tree canopy could be covered with nest materials.
This reduces the photosynthetic area of the nest trees, implying less nutrient supply to support the
branches. The long-term effect is the death of the terminal branches, the main branches, or the
entire tree. With about 4-fold higher mortality in camelthorn nest trees than control trees and 11-
fold higher mortality in shepherd nest trees than control trees, tree mortality is therefore more
severe in nest than in control trees. Similar to our findings, colonial nesting birds have also been
documented to damage trees through their branch breaking and leaf removal for nest construction
(Hobara et al. 2001; Hebert et al. 2005), which subsequently leads to the death of host trees

(Lafferty et al. 2016).

Conclusions

Our study shows that the occupation of camelthorn and shepherd trees by the sociable weavers
leads to nutritional benefits due to the high faunal nutrient supply, which results in high foliar
nutrients compared to trees without the sociable weaver nests. However, the presence of the nest
exerts a severe cost on the host trees, mainly in terms of reduction in photosynthetic area, branch
fall, death of terminal branches and high mortality of nest trees. I, therefore, cannot equate the
nutritional benefits to the physical damage of the branch breaking, but cost-benefit evaluation

requires analysis of the reproductive fitness consequences for the host trees. Investigating the
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reproductive benefits and costs to the host trees would give a better understanding of whether this

interaction is more of a cost or benefit to the host trees.
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Supplementary Materials

Table S4.1: Linear mixed model analysis with foliar nutrients and isotopes as response variables

and branch types (3 levels- nest branch, control branch in nest tree, control branch in control tree)

and tree species (2 levels- camelthorn and shepherd) as factors. We included pairs as a random

effect. Wald Chi-square values (x?), degrees of freedom (df), and p-values are provided for each

analysis.
Response Factors 1 df  P-value
Variables
N Branch type 9.62 2 0.008
Tree species 5.53 1 0.019
15N Branch type* Tree  16.95 1 <0.001
species
P Branch type 22.44 2 <0.001
Tree species 137 1 <0.001
K Branch type 15.58 2 <0.001
Tree species 6.45 1 0.011
Ca Branch e type 9.95 2 0.006
Tree species 29.85 1 <0.001
Zn Branch type 5.50 2 0.064
Tree species 0.22 1 0.639
C:N Branch type 10.73 2 0.005
Tree species 1.09 1 0.296
N:P Branch type 15.21 2 <0.001
Tree species 255 1 <0.001
K:P Branch type 0.63 2 0.730
Tree species 128.82 1 <0.001
Ca:P Branch type 4.04 2 0.133
Tree species 94.53 1 <0.001
Zn:P Branch type 11.28 2 0.004
Tree species 42.39 1 <0.001
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Table S4.2: Linear mixed model analysis with leaf biomass and moisture as response variables and

branch types (3 levels- nest branch, control branch in nest tree, control branch in control tree) and

tree species (2 levels- camelthorn and shepherd) as factors. Wald Chi-square values (x?), degrees

of freedom (df), and p-values are provided for each analysis. We included pairs as a random effect.

Response Variables Factors 1 df P-value
Leaf weight per branch length Branch type 1495 2 <0.001

Tree species 1.12 1 0.290
Leaf weight per branch cross- Branch type 2.29 2 0.319
sectional area

Tree species 2.194 1 0.139
Branch weight per branch length Branch type 0.52 2 0.773

Tree species 11.70 1 <0.001
Branch weight per branch cross- Branch type 2.23 2 0.328
sectional area

Tree species 291 1 0.088
Leaf moisture (% of dry weight) Branch type 3.72 2 0.156

Tree species 1407 1 <0.001
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Table S4.3: Linear mixed model analysis with the number of fallen branches, the diameter of fallen

branches, leaf area index and tree mortality as response variables and tree types (2 levels- Nest

tree, Control tree) and tree species (2 levels- camelthorn and shepherd) as factors. Wald Chi-square

values (y?), degrees of freedom (df), and p-values are provided for each analysis. We included

pairs as a random effect.

Response Variables Factors 1 df P-value
Number of fallen branches (#) Tree type * Tree 5.77 1 0.016
species
Diameter of fallen branches (¢cm) Tree type 18.36 1 <0.001
Tree species 0.44 1 0.509
Leaf Area Index Tree type 0.003 1 0.958
Tree species 1.69 1 0.194
Proportion of dead to living main Tree type 1.574 1 0.210
branches
Tree species 0.057 1 0.811
Tree mortality (%) Tree type 36.08 1 <0.001
Tree species 2.79 1 0.095
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Chapter 5: Reproductive consequences for savanna trees hosting large

sociable weaver colonial nests

Abstract

Changes in soil conditions affect the reproduction of trees, but research investigating the
consequences of ecosystem changes often does not consider the reproductive ecology of trees.
Given the alteration of soil properties and complex growth costs and benefits to the trees hosting
sociable weaver nests, a better understanding of how this interaction impacts the reproduction of
the host trees is essential to understand the nature of this interaction and to inform conservation
decisions. This study tests the hypothesis that the greater supply of nutrients to camelthorn trees
that host sociable weaver nests would increase the quantity and quality of seeds relative to trees
without nests, which should also positively influence seed germination and emergence.
Furthermore, I test the hypothesis that the presence of sociable weaver nests that attract animal
activity might also attract beetles that may damage the seeds. I evaluated pod weight, number of
seeds per pod, seed weight, beetle infestation, seed nutrients, seed germination, and the emergence
of camelthorn trees hosting nests and camelthorn trees without nests. There was no difference in
seed pod weight, number of seeds per pod and seed weight between trees with and without a
sociable weaver colony. However, there was a high probability of seed beetle infestation in nest
trees than in trees without nests. The concentrations of K and Cu in seeds were higher in the trees
without nest than in trees with nest, while the concentration of seed Bo was higher in the nest trees
than in the trees without nest. These differences in seed nutrition did not drive significant
differences in seed germination and emergence. However, there was a significantly shorter
germination time in seeds infested with beetles than in seeds without beetle infestation, but beetle-

infested seeds had significantly lower percentages of seed germination and emergence. Seed
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quality, germination and emergence did not substantially differ between trees with and without
sociable weaver nest. There is therefore no substantial difference in the costs and benefits of

hosting a sociable weaver nest in terms of tree reproduction.

Introduction

In many environments, the nature of the physical environment limits plant reproduction
(Lambers et al. 2008; Fernandez-Marin et al. 2020). Some species can facilitate the growth of
other species by improving their environment (Brooker et al. 2008; Gross et al. 2013; Schob et al.
2013), and these facilitative interactions can ameliorate environmental conditions, which play a
significant role in the growth and presence of plant communities in these extreme habitats
(Callaway 1995; Callaway & Walker 1997; Brooker & Callaghan 1998; Cavieres & Badano 2009).
Some studies have shown that facilitation occurs more and stronger in arid than in moist

environment (Callaway & Walker 1997; Sthultz et al. 2007; Tylianakis et al. 2008).

In facilitative interactions between species where both benefit, costs may still be involved. Biotic
interactions like seed dispersal (Cantor et al.2013), pollination (Dupont et al.2014; Tur
etal. 2014; Valverde etal.2015), and ant-plant interactions (Dattilo et al. 2014) involve
mutualistic partners and hence both parties benefit. However, in interactions which involve partly
antagonistic partners, the outcome of the mutualistic interaction could be altered (McCall &
Irwin 2006; Thompson & Fernandez 2006). For example, yucca moths decrease the viable seed
production of yuccas by 0.6 to 19.5% through oviposition and feeding, leading to a loss of up to
30% of the benefits yuccas derive from interaction (Addicott 1986). Therefore, facilitative

interactions involve costs and benefits.
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Interactions between plants and birds, including pollination, seed dispersal, and the associated
reproductive benefits, have received much attention (Richardson et al. 2000; Bascompte &
Jordano 2014). About 50% to 90% of plants in the tropical forest produce seeds that are required
to pass through the guts of animals, especially birds, before they can germinate (Howe &
Smallwood 1982); therefore, many plant-bird interactions function to disperse seeds (Marjakangas
et al. 2019). This mutuality between plants and birds is crucial to sustaining ecological functions
within the plant community (Whelan ez al. 2008; Schleuning et al. 2015). However, interactions
between plants and birds are not always mutually beneficial. For example, Natusch et al. (2017)
found that although colonially breeding metallic starlings increase soil fertility below host trees,
trees hosting these birds die in the long-term from possible nutrient toxicity. Similarly, nesting and
roosting cormorant colonies defoliate host trees and kill mature trees from faecal ‘whitewash’ and
the highly acidic nature of their faecal matter (Moore et al. 1995; Shieldcastle & Martin 1997).
What is unclear from these studies is whether host trees benefit in the short-term from the nutrient
influx provided by the birds. Indeed, breeding or roosting birds using trees as substrates for their
colonies is common in many systems, yet the consequences to the host trees are seldom
investigated. While some structural damage to the host trees could be expected, any positive
reproductive consequences from increased nutrient input, especially in nutrient-poor (oligotrophic)
arid systems, remain unstudied. Understanding these interactions at the individual plant level is

crucial to clarify such interactions’ reproductive costs and benefits.

I studied reproductive investment in terms of costs and benefits for camelthorn trees Vachellia
erioloba that host a sociable weaver Philetairus socius nest colony. My study system occurs in the
Kalahari, an oligotrophic desert savanna where the input of faunal nutrients may positively impact

the host trees. Indeed, previous studies have shown that trees hosting sociable weaver colonies use
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the nutrients deposited by birds, increasing the growth of host trees (Prayag et al. 2022, Chapter
3). However, the large size of the nest colonies reduces the host tree’s photosynthetic area, and
their high mass causes branch fall (Chapter 4). Camelthorn trees are threatened and are a protected
species due to their important role in the ecosystem (Seymour and Milton 2003). They are
considered key ecosystem engineers in the Kalahari (Dean et al. 1999). Similarly, the sociable
weaver colonies are considered ecosystem engineers (Lowney & Thomson 2021, 2022). These
nests serve as a resource and refuge for several organisms, including insects (Lowney & Thomson
2022). Beetles have been reported to infest camelthorn seeds (Seymour and Milton 2003), and the
presence of the nest may provide suitable conditions for these beetles. The growth benefits and
costs of this interaction with the host trees of sociable weavers have been documented (Chapter
4). However, our understanding of the reproductive fitness of host trees of the sociable weaver is

limited, and research on this aspect would contribute to the conservation of host trees.

Most research on ecosystem changes often does not consider the reproductive ecology of trees, yet
long-term changes in reproduction relate to trees' response to changing soil conditions (Richardson
et al. 2005; Pérez-Ramos et al. 2010). High nitrogen fertilisation has been reported to increase tree
growth, seed production, and seed size (Callahan et al. 2008; Smaill ef al. 2011). Seed minerals
have also been documented to significantly influence seed germination and emergence (Mandizvo
& Odindo 2019). Naegle et al. (2005) found that the growth of seedlings in the first week is
sustained by the amount of N stored in the seed. Furthermore, seed-stored phosphorus (P) is the
only source for seed germination and emergence (Mandizvo & Odindo 2019). Molybdenum (Mo)
is required for plant development and growth (Brodrick & Giller 1991; Brodrick et al. 1995), while

Bo increases the production and retention of flowers and subsequently increases the development
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of seed and fruit as well as germination (Bell et al. 1989; Archana et al. 2021). Therefore, tree

with access to nutrients should invest these into their seeds to enhance their reproductive output.

The lack of information on changes in host tree reproduction undermines our ability to predict the
responses of host trees to the sociable weaver colonisation of trees. Given the complex growth
costs and benefits to camelthorns as hosts of sociable weaver nests already established (Chapter
4), a better understanding of how this interaction impacts the reproduction of the host trees is
crucial. This study represents a first attempt to empirically quantify the reproductive costs and
benefits of the interaction between the sociable weaver and camelthorn host trees. I hypothesised
that the higher nutrient supply to camelthorn trees hosting sociable weaver nests would increase
the quantity and quality of pods and seeds. I predicted that camelthorn trees with a nest would have
larger pods, higher seed weight, higher seed nutrients, higher germination and emergence
percentage, and fast germination and emergence time than trees with no nest. I further hypothesised
that the sociable weaver nest in camelthorn trees would attract beetles to damage the pods and
seeds, decreasing the quality of the seeds produced. I predicted that camelthorn trees with sociable
weaver nests would have greater seed damage; therefore, infested seeds would have poor

germination and emergence.

Materials and Methods

Study Area

This study was carried out at Tswalu Kalahari, a reserve in the Northern Cape Province of South
Africa (27.225° S, 22.478 © E). The climate in this area is hot and arid, with an annual mean
temperature of 20.3°C, an annual mean maximum of 29.5° C and a minimum of 11.1° C (Cromhout

2006). Tswalu Kalahari experiences summer rainfall (generally December-March), which is
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highly variable, with a mean of 325 per annum (range 175 mm to 595 mm; van Rooyen & van
Rooyen 2017). Tswalu Kalahari lies in the Desert biome of South Africa. The trees selected for
this study were within the Koranna-Langeberg Mountain Bushveld and the Olifantshoek Plains
Thornveld. The vegetation cover is mostly grasses and herbs, visible mainly after summer rainfall.
The area has sparsely distributed trees, primarily camelthorn and shepherd trees. Shrubs such as
Senegalia mellifera (blackthorn) and Rhigozum trichotomum (three thorn) grow in interspaces
between trees. Camelthorns begin to flower in September and mature pods are visible on trees in

February of the following year.

Study design

I used the same camelthorn trees selected in Chapter 3 (Aikins ef al. 2023) for this study. This
resulted in 33 camelthorn trees that contained sociable weaver nests (hereafter nest trees) out of
about 190 camelthorn nest trees that have been mapped in the study area. I used the same control
trees in chapter 3 (Aikins et al. 2023), which were chosen from camelthorn trees with similar
height and DBH as each selected nest tree. Control trees were chosen in the proximity of nest trees
(mean 78 m: range 16 m — 192 m). Matching selected trees by size and location aimed at limiting
differences in the life stage and local conditions. My sampling resulted in 33 camelthorn trees with
weaver nests paired with 33 control camelthorns without a weaver nest.

Pod and seed sampling

All 66 trees were visited in September/October 2021 to determine if they contained seed pods. If
pods were present, I collected freshly dropped (mature) pods from the base to assess the variation
in the pod and seed mass, seed numbers, and beetle infestation. When available, a maximum of 10

pods per tree were collected (range 1 — 10 pods per tree). I weighed each pod, counted the number
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of seeds per pod, weighed all the seeds in each pod together, and divided by the number of seeds
per pod to obtain the average weight per seed. To obtain the average seed size per pod, I measured
the size of 4 randomly selected seeds per pod. I examined each seed for beetle infestation, and the
number of infested seeds per pod was recorded. Approximately 20 beetle-free seeds were
randomly sampled, milled into powder, and analysed for nutrients. The remaining seeds from each

tree were used for seed germination and emergence trials.

Analysis of seed nutrients

To assess the nutrient content of seeds from the nest and control trees, I obtained matured pods
from 16 nest and 12 control trees between July and August 2022. The seeds were analysed for N,
P, K, Ca, and Zn, as they were recorded in the faecal matter of the sociable weaver and the soils
under trees (Prayag et al. 2020; Aikins et al. 2023). Other essential and trace minerals, including
Mg, Na, Bo, Fe, Mn, Al, and Cu, were also analysed. All nutrient analyses were duplicated using
the official methods of the Association of Official Agricultural Chemists (AOAC) (AOAC
International 1997) and the methods of the Southern African Agricultural Laboratory Association
(ALASA) (ALASA 1998). The samples were re-analysed when the duplicate results differed by
5% or more (CV >3.5%). Dry milled seeds were analysed for these minerals using an inductively
coupled plasma analyser (Thermo Jarrel Ash Iris/AP HR Duo: Boston, Massachusetts). To analyse
seed total N, the standard Kjeldahl method was used (ALASA 1998). Approximately 0.2 g were
digested with 5 ml concentrated sulfuric acid and HgO catalyst in a Kjeldahl flask. The mixture
was then distilled with 10 ml of 40% w/v sodium hydroxide and titrated to pH 4.7 with 0.01 N

HCI with an auto-titrator (Rapidstill I, Labconco, Kansas City, MO, USA).
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Seed germination trials

I conducted a germination and emergence test on seeds from sampled trees. From the 33 nest and
33 control camelthorn trees selected initial for the research, I obtained camelthorn pods from 16
nest and 12 control trees during July and August 2022. The seeds were extracted from the pods
and the seeds infested with beetles were separated from each group. I scarified part of the seed
coat of the nest and control beetle-free seeds with sandpaper to expose the cotyledon for easy water
absorption. To determine the effect of beetle infestation on germination, beetle-infested seeds
(only bruchid beetle-infested seeds) and seeds with no beetle infestation were germinated, but none
of these two sets of seeds was scarified. In all, there were six seed sources/treatments; nest seed
scarified (n = 16), control seed scarified (n = 12), nest seed beetle infested (n = 14), control seed
beetle infested (n = 12), nest seed unscarified (n = 12), control seed unscarified (n = 12). The seeds
were soaked in water for 24 hours. Subsequently, each set of seeds was transferred to a petri dish
with cotton wool as substrate. The seeds were kept in the growth chamber for germination and
emergence at 20 °C. The seeds were watered daily throughout the trial. When the cotton substrates
became contaminated with fungi, the seeds were immediately removed and transferred into a new
petri dish with a new substrate. Seeds producing a 2 mm radicle were scored as germinating
(following Mavi 2010), and scoring was completed every 24 h. Seeds with radicle and shoot
elongation (sprouting) were considered to have emerged (Fyfield & Gregory 1989; Mavi 2010).
The distinction between germination and emergence is necessary because seeds might germinate
but fail to emerge (Fenner 1987) due to several reasons, including low stored seed nutrients. The
number of seeds that germinated or emerged was counted until approximately 15 days, during

which there were no further seed germination and emergence. The seed germination time (days),
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emergence time (days), germination percentage (%), and emergence percentage (%) were

determined.

Data analysis

I performed a linear mixed model analysis in R with the nlme package (R Core Team 2022). Data
were checked for normality (qqnorm plots) and homogeneity of variances (using the Breusch-
Pagan Test from the Imtest package; Breusch & Pagan 1979), and I used the appropriate variance
functions: model = Ime (Y ~ X, random=~1|S, data=df, weights=varldent(form=~1|X), method =
“REML”) to address the issues of heteroscedasticity. I tested pod weight, number of seeds per pod,
seed weight, seed size, number of beetle-infested seeds, and seed nutrients as response variables.
I used tree type (i.e., nest tree and control tree) as an explanatory variable. I included the identity
of the 'tree pair' as a random effect, although I was unable to match all tree pairs due to the lack of
pods in some of the trees selected for this study. I used the ‘Anova’ function to test whether the
model terms explain a significant proportion of the variation in the data. Where a significant
variation was found, it was followed by a pairwise comparison (Tukey’s post-hoc test) of group
levels conducted using the emmeans package in R (Lenth 2019). For the number of beetle-infested
seeds, I tested the probability of seed infestation using the glmmTMB with a binomial distribution
(Brooks et al. 2017). The numbers of infested and non-infested seeds were bound together using

the cbind () function as a response variable for the binomial model.

The final percentage of germination and the percentage of emergence were calculated. The time
taken for 50% germination (T50) is considered a good measure of germination time (Ranal &
Garcia De Santana 2006). T50 estimated using the formula of Coolbear ef al. (1984) as modified

by Farooq et al. (2005). Tso = ti + [(N / 2 - ni) (ti - tj)] / ni — nj. Where N = final number of

117



germination, nj, nj = cumulative number of seeds germinated by adjacent counts at times t; and t;,
respectively, when nj <N /2 <n;. A similar calculation was repeated for the time taken for 50%
emergence. Seed germination and emergence percentages and germination and emergence times
were tested as response variables. Seed sources/treatments (nest seed scarified, control seed
scarified, nest seed beetle infested, control seed beetle infested, nest seed unscarified, and control
seed unscarified) were used as fixed factors. The tree pair identity (nest tree and control tree) was
included as a random effect. I used the ‘Anova’ function to test whether the model terms explain
a significant proportion of the variation in the data. Where significant variation was found, it was
followed by a pairwise comparison (Tukey’s post-hoc test) of the group levels conducted using

the emmeans package in R (Lenth 2019).

Results

Pod and seed characteristics

Pods were obtained in 20 of the 33 nest trees and 13 of the 33 control trees. A total of 194 pods
were collected from all trees: 125 from the nest and 69 from the control trees. The probability of
finding a pod in a tree tended to be higher in nest tree compared to control trees (Figure 5.1),
although this was not strictly significant (y~ = 3.44, p = 0.064). A mean (+ SE) of 5.95 + 0.63 and
4.31 = 0.82 pods were obtained from nest and control trees, respectively, and a range of 1-10 pods
for both trees. The mean number of pods collected per tree did not differ between nest and control
trees (= 3.61, p = 0.058). There were no significant differences in pod weight, number of seeds

per pod, or seed weight between nest trees and trees without nests (Table 5.1; Table S5.1).
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Figure 5.1: The probability of finding a pod in the nest and control trees (model produced values

+ 95% CI; NS denotes p >0.05).

Table 5.1: Characteristics of pods and seeds from nest trees and trees. The mean and standard
error (SE) of pod weight, the number of seeds per pod, and seed weight are provided. Statistical

differences were tested using a linear mixed model.

Pod and seed Mean + SE a P-value
characteristics Nest tree (n=125)  Control tree (n = 69)

Pod weight (g) 9.58+0.71 9.98 +0.81 0.407 0.524
Seeds per pod (#) 11.7+0.81 12.4+£0.94 0.731 0.393
Seed weight (g) 0.16+£0.013 0.17+0.015 0.665 0.415

Beetle infestation
There was a significantly higher probability of seed infestation in the nest than in control trees (y*

= 35.67, p < 0.001: Figure 5.2). With the mean of 12 seeds per pod, there was a mean of 6.15
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infested seeds per pod in nest trees compared to 4.43 in trees without nests. Two species of beetles
were identified to invade camelthorn pods and seeds: Bruchid beetle Bruchus rufimanus (Figures
5.3A, 5.3B and 5.3D) and yellow mealworm beetle Tenebrio molitor (Figure 5.3C). Bruchid
beetles create holes in the pods (Figure 5.3A) to access the seeds and make holes to eat the content

(Figures 5.3B and 5.3D). The yellow mealworm beetles chew the seed coat and the content (Figure

5.30).

1.00
c
ie)
s
g o075 Hr
=
L)
©
3
+— 0.501 I
o
P
5
8 0.251
8 )
o

Control Nest

Figure 5.2: The probability of beetle infestation of pods in nest and control trees (model produced

values + 95% CI; *** denotes p <0.001).
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Figure 5.3: Bruchid beetles create holes in camelthorn pods to access seeds (A). Infestation of
camelthorn seeds by the Bruchus rufimanus bruchid beetles (B and D). Damage to the camelthorn

pod and seeds by the Tenebrio molitor yellow mealworm beetle (C).

Seed nutrients

There were significantly higher concentrations of K (1.1-fold) and Cu (1.2-fold) in the seeds of
control trees than in nest trees (Table 5.2; Table S5.2). However, the concentration of Bo was 1.2-
fold higher in seeds from the nest than in control trees. The seed concentrations of N, P, Ca, Zn

Mn, Mg, Na, Al, and Fe did not vary between the nest and control trees (Table 2; Table S5.2).
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Table 5.2: Elemental composition of camelthorn seeds collected from camelthorn nest and control
trees. Mean + SE is given for each faecal nutrient. Statistical differences were tested using a linear

mixed model. Means with the different letters in the rows indicate a significant difference (P <

0.05).
Seed nutrient Mean + SE 12 P-value
Nest tree seed  Control tree seed
N (%) 6.58 £0.180 6.39 +£0.200 0.950 0.330
P (%) 0.45+0.014 0.47+0.015 1.192 0.275
K (%) 1.30 +£0.032° 1.41+£0.037°  5.727 0.017
Ca (%) 0.37+0.029 0.36 +0.033 0.027 0.870
Mg (%) 0.34+£0.011 0.34+0.013 0.196 0.658
Zn (mg/kg) 37.10+ 1.56 39.3+1.76 1.308 0.253
Mn (mg/kg) 39.2+5.32 31.6 £5.97 1.480 0.224
Na (mg/kg) 41.9+8.53 47.1 + 8.85 1.056 0.304
Cu (mg/kg) 5.71 £0.334° 6.84 +0.385°  4.930 0.026
Bo (mg/kg) 31.3+£1.78° 25.9 £2.052 3.885 0.049
Al (mg/kg) 6.72 +£0.550 6.00 + 0.623 1.069 0.301
Fe (mg/kg) 81.5+£2.45 94.1 £9.18 2.002 0.157

Seed germination and emergence

There were no significant differences in the seed germination and emergence percentage between
seeds from nest and control trees for scarified, unscarified and beetle-infested seeds (Figures 5.4A
and 5.4C; Table S5.3). However, there was a significantly higher percentage of seed germination
and emergence in scarified seeds than in unscarified and beetle-infested seeds. Seed germination
and emergence percentages did not differ between beetle-infested and unscarified seeds (Figures
5.4A and 5.4C). Germination and emergence time did not differ between nest and control tree

seeds for scarified, unscarified, and beetle-infested seeds (Figures 5.4B and 5.4D; Table S5.3).
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There were significantly shorter germination and emergence times in scarified and beetle-infested
seeds than in unscarified seeds. However, the germination and emergence time did not differ
between the scarified seeds and the beetle-infested seeds. The percentage of germinated seeds that
did not emerge was significantly higher in beetle-infested nest seeds than in beetle-infested control
seeds (x> =13.97, p=0.016: Figure S5.1). However, there was no significant difference in the nest

and control seeds of scarified and unscarified seeds (Figure S5.1).
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Figure 5.4: Germination percentage of various camelthorn seed sources and treatments (A).
Germination time (the time to reach 50% germination-T50) of various camelthorn seed sources
and treatments (B). Emergence percentage of various camelthorn seed sources and treatments (C).
Emergence time (the time to reach 50% emergence-T50) of various camelthorn seed sources and
treatments (D). The boxes and horizontal lines represent the first and third quartiles and the
medians, respectively. The whiskers represent 1.5 X the interquartile range, and the outliers
above/below are shown as dark points. Circles represent means, with letters indicating pairwise

comparison between seed sources/treatments.
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Discussion

Overall, there were few differences in reproductive characteristics between the camelthorn trees
hosting sociable weaver nests and those without. Pod and seed characteristics did not differ
between nest and control trees, although there was a tendency for trees hosting weaver nests to
contain pods during my single main sampling event. Despite having access to more soil nutrients,
my study found that almost all the major seed nutrients did not differ between nest and control
trees. Seed germination and emergence did not vary between the nest and the control trees. There

was, however, a higher beetle infestation in seeds from nest trees than in control trees.

I expected pods from nest trees to have a higher pod numbers, pod weight, more seeds per pod,
and a higher seed weight than seeds from control trees. There was, however, no difference in these
pod and seed characteristics between the nest and control trees. This could mean that camelthorn
trees invest resources in the production of quality seeds to ensure adequate stored nutrients to
initiate germination, regardless of the soil nutrients in which the parent plants grow. Obeso (2012)
found that seed mass variation is controlled by paternal genetic effect, brood size, and sibling
rivalry within a tree. This implies that seed characteristics are more of a genetic makeup than the
soil nutrient effect. This lack of differences in seed characteristics between nest and control trees
might also explain why there were no significant differences in seed germination and emergence

percentages and time.

The mineral nutrients of seeds are expected to drive the germination and emergence of seeds
(Mandizvo & Odindo 2019). Despite the higher seed K and Cu in the seeds of the control tree
compared to the nest trees and the higher Bo in the seeds of the nest tree compared to the control

trees, there were no differences in the germination and emergence percentages and time. This could
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mean that the differences in these nutrients in the seeds of the nest and control trees were not
significant to drive the differences in germination and emergence. Bo has been documented to
increase flower production and retention and, subsequently, increase seed and fruit development
and germination (Archana ef al. 2021). But this did not drive the differences in germination and
emergence between the nest and the control trees. Therefore, the levels of Bo might be sufficient

in both nest and control tree seeds to initiate germination.

The high beetle infestation of seeds is a significant reproductive cost found in the interaction
between the sociable weaver and its camelthorn tree host. There was a higher beetle infestation of
the seeds in the trees hosting nests than in the control trees. The high beetle infestation
subsequently decreased seed germination and emergence percentages in beetle-infested seeds only.
I found that bruchid beetles eat the cotyledon of seeds and, in most cases, eat the embryo; in this
case, the seeds do not germinate. The embryo grows when the beetle eats only part of the
cotyledon. Miller (1994) reported that the extent of bruchid beetle damage would determine the
germination of seeds. Hence seeds with more damage would have lower germination percentages.
I found that seeds infested with beetles germinated faster than seeds without beetle infestation. I
also found no differences in germination and emergence time between beetle-infested seeds and
mechanically scarified seeds. This means that the beetles’ holes help the seeds absorb water to
initiate quick germination. Coe and Coe (1987) reported that undetectable bruchid beetle holes in
camelthorn seeds could have contributed to the high germination rate in undigested seeds than
seeds that passed through the guts of elephants and cattle. According to Lamprey et al. (1974),
seeds with undamaged embryos from bruchid beetle infestation would still be viable and germinate
faster due to high water uptake from holes created by the beetles. This might explain why there

was a shorter germination time in beetle-infested seeds than in seeds without beetle infestation and
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unscarified mechanically. The high percentage of germinated seeds that did not emerge in the
beetle-infested nest seeds than in the beetle-infested control seeds could mean that the extent of

beetle damage in individual seeds from nest trees was high, hence less emergence.

Conclusions

The study findings show that the occupation of camelthorn trees by sociable weavers did not
influence pods and seed characteristics, although higher soil nutrients have been reported under
nest trees than in control trees (Aikins et al. 2023). However, the presence of the nest results in
high beetle infestation of seeds, leading to poor seed germination and the emergence of beetle-
infested seeds. All nutrients found to be higher in the faecal matter of the sociable weaver and the
nest soil (Prayag et al. 2020; Aikins et al. 2023) did not vary between the nest and the control tree
seeds. In addition, seed germination and emergence did not differ between nest and control trees,
but mechanical scarification of seeds resulted in higher percentages of germination and emergence.
Except for a high infestation of beetles, the presence of a nest in the camelthorn tree does not affect
the reproduction success of the host trees differently from trees without a nest. Therefore, it can
be deduced that camelthorn trees invest in producing quality seeds irrespective of soil nutrient
status, and the presence of the nest mass does not influence the reproductive success of the host

trees.
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Supplementary Materials

Table S5.1: Linear mixed model analysis with pod weight, seeds per pod, and seed weight as
response variables and tree types (2 levels- nest tree, control tree) as a factor. Wald Chi-square
values (), degrees of freedom (df), and p-values are provided for each analysis. We included pair

as a random effect.

Response Variables Factor 1 df P-value
Pod weight (g) Tree types 0.407 1 0.524
Seeds per pod (#) Tree types 0.731 1 0.393
Seed weight (g) Tree types 0.665 0.415
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Table S5.2: Linear mixed model analysis with seed nutrients as response variables and tree types
(2 levels- nest tree, control tree) as factors. Wald Chi-square values (y%), degrees of freedom (df),

and p-values are provided for each analysis. We included pair as a random effect.

Response Variables Factor 1 df P-value
N (%) Tree types 0.950 1 0.330
P (%) Tree types 1.192 1 0.275
K (%) Tree types 5.727 1 0.017
Ca (%) Tree types 0.027 1 0.870
Mg (%) Tree types 0.196 1 0.658
Zn (mg/kg) Tree types 1.308 1 0.253
Mn (mg/kg) Tree types 1.48 1 0.224
Na (mg/kg) Tree types 1.056 1 0.304
Cu (mg/kg) Tree types 4.930 1 0.026
Bo (mg/kg) Tree types 3.885 1 0.049
Al (mg/kg) Tree types 1.069 1 0.301
Fe (mg/kg) Tree types 2.002 1 0.157
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Table S5.3: Linear mixed model analysis with percentage germination, percentage emergence,

germination time, and emergence time as response variables and seed sources/treatments (6 levels-

nest seed scarified, control seed scarified, nest seed beetle infested, control seed beetle infested,

nest seed unscarified, and control seed unscarified) and seed thickness as factors. Wald Chi-square

values (), degrees of freedom (df), and p-values are provided for each analysis. We included pair

as a random effect.

Response Variables Factors 1 df P-value
Germination (%) Seed sources/treatments  116.98 5 <0.001
Seed thickness 545 1 0.020
Emergence (%) Seed sources/treatments  96.50 5 <0.001
Seed thickness 0.963 1 0.327
Germination time (days) Seed sources/treatments 52.69 5 <0.001
Seed thickness 0.45 1 0.501
Emergence time (days) Seed sources/treatments  87.79 5 <0.001
Seed thickness 0.011 1 0.915
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Figure S5.1: Percentage of germinated seeds that failed to emerge across various camelthorn

seed sources and treatments. See figure 4 for other figure details.
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Chapter 6: General Discussion and Synthesis

This chapter concludes the study by discussing the key research findings related to the overarching
research hypothesis and the contribution to knowledge thereof. The chapter also discusses the
limitations of the study and proposes areas for future research. This study tested the hypothesis
that the interactions between animals and plants in the savanna ecosystem enhance the islands of
fertility created by trees, which influence the growth and survival of vegetation in the environment.
Specifically, the thesis aimed to test the benefits that host trees derive from this interaction, such
as improved soil fertility, improved host tree growth, foliar nutrient concentrations and
stoichiometries, and reproductive benefits. It also tested the costs to the host trees such as loss of
photosynthetic area, branch fall, terminal branch death, tree mortality, insect infestation of host

tree seeds, and its effects on host tree reproduction.

Trees and grasses grow together in savannas and compete for limited resources (Scholes & Archer
1997). The co-existence of grasses and trees in the savanna ecosystem is made possible through
biological processes like competition acting together with resource partitioning and facilitation
(den Boer 1986; Walter 1991; Fargione & Tilman 2005; Callaway 2007). My study established
that trees in the Kalahari Desert facilitate their environment for plants by creating islands of
fertility, which I found to have high soil N, P, K, Ca, and Zn than grassland soils (Aikins et al.
2023). Trees may facilitate grass growth through hydraulic lift or shade provision (Ludwig et al.
2004). Facilitation may also occur by creating islands of fertility under the tree through processes
such as litter fall (Treydte et al. 2008; Ludwig et al. 2008). These islands of fertility created by
trees are characterised by higher soil and plant N and lower water loss from soil and plants

(Bernhard-Reversat 1982; Belsky et al.1993; Moyo et al. 2010). Similarly, Schlesinger et al.
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(1996) found higher soil N, P, and K under Larrea tridentata shrubs than in the grassland between
the shrubs in the Chihuahuan Desert. Trees also redistribute nutrients and water by accessing them
from deeper layers and moving them to the upper layer for use by shallow-rooted subcanopy plants
(Jackson et al. 2002; Caylor et al. 2005; D’Odorico et al. 2010). Through this ecological process,

savanna trees influence inter-plant interactions (Dawson 1993).

It is suggested that nitrogen fixation by trees or subcanopy species under these trees are the main
contributor to increased soil fertility of tree islands of fertility (Vitousek & Walker 1989; Sitters
et al. 2015). 1 found higher soil C and N under leguminous camelthorn trees than under non-
leguminous shepherd trees (Aikins et al. 2023). This could be attributed to nitrogen fixation by
camelthorn trees and also to the high decomposition of leaf litter under these large trees. Fernandez
et al. (2020) reported that leguminous trees and shrubs improve soil fertility through N> fixation
and biomass accumulation. Cramer et al. (2007) established that leguminous trees and shrubs in
the savanna fix nitrogen, especially when in competition with grasses. Acacia trees in the savanna
therefore contribute to nitrogen availability in these N-limited soils (Ludwig et al. 2001; Aikins et
al. 2023). The high availability of nutrients under trees in the savanna improves the quality of
forage and subcanopy plants, hence attracting herbivores (Treydte ef al. 2007, 2008; Ludwig et al.
2008). The attraction of the herbivores results in increased faunal faecal deposits, further
increasing soil nutrients and enhancing the fertility island effect (Belsky et al. 1989; Belsky 1994;
Dijkstra et al. 2006). Tree, grass, and herbivore interactions could have a positive, neutral, or

negative effect on trees.

In Chapter 2, I established that soils under trees in the savanna have high soil nutrients, which are
probably formed through the interaction of the trees with large mammals (Aikins et al. 2023). In

Chapter 3, I also found that mammalian faeces collected from under the canopy of trees have high
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levels of N, C, P, K and Ca, which could potentially increase soil fertility under these trees.
Animals attracted to savanna trees deposit faeccal materials, which contribute to the fertile
vegetation island effect (Dean et al. 1999; Cao et al. 2018; Mashizi & Sharafatmandrad 2020).
Large herbivores in African savannas regulate the establishment of vegetation through their
feeding. Grazing by herbivores influences the abundance of plants they feed on and alters the
competition between trees and grasses (Thompson Hobbs 1996; Scholes & Archer 1997; Riginos
& Young 2007; van der Waal et al. 2011). The influence of herbivores on the savanna ecosystem
also depends on the species of herbivores, the vegetation type, and the environmental factors
(Sebata 2017). Herbivores therefore influence soils in the savanna ecosystem by creating nutrient
hotspots through their urine and faecal deposits under trees (McNaughton 1988; Thompson Hobbs

1996; van der Waal et al. 2011; Aikins et al. 2023).

It can be expected that the nutrient stoichiometry of plants growing on islands of fertility that differ
in their origins will vary based on the soil nutrient stoichiometry in these islands of fertility as
influenced by the sources of faunal nutrients (e.g., mammalian or avian sources). In this study,
evidence supports the general hypothesis that interactions between animals and plants in the
savanna ecosystem influence the growth of vegetation in the environment (Chapter 3). I
established that the islands of fertility created by the sociable weaver and the host trees influenced
the nutrient stoichiometries and significantly increased the growth and foliar nutrient
concentrations of camelthorn seedlings than soils from tree islands of fertility and the grasslands
(Chapter 3). This shows that the faunal faecal input on islands of fertility increases vegetation
growth in the environment better than on islands of fertility created by trees alone. Faunal input at
tree islands of fertility results in localised changes in the physical and chemical properties of the

soil and alters plant growth (Schlesinger et al. 1996; Dean et al. 1999; Prayag et al. 2020; Aikins
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et al. 2023). Since the stoichiometric composition of the animal’s food, its body size, and body
nutrients influence the nutrient stoichiometry (e.g., N:P ratios) in their faecal matter (Sitters et al.
2017; Sitters & Venterinka 2021; le Roux ef al. 2020), mammals and birds will not have the same
nutrient contributions at islands of fertility. Furthermore, the amounts of faeces/urine deposited,
together with nutrient stoichiometry, determine how plants grow in response to the faunal input

(le Roux et al. 2020).

Coloniality is a common occurrence in many animal species, and birds especially form
conspicuous colonies, with about 13% of bird species breeding in colonies (Lack 1968). Colonies
are known to influence habitat characteristics the structure and composition of the vegetation and
the chemical and physical properties of the soil (Garcia et al. 2002; Ellis 2005). In Chapter 2, I
established that the high faecal deposit by the colonial sociable weaver under the nests creates a
bare patch with no vegetation growth in this patch. The results show that this bare patch is due to
physiological drought formed by the high deposition of faccal matter and the poor water infiltration
created by the faecal mat in these patches (Aikins et al. 2023). These changes could be beneficial
due to the input of faunal nutrients or detrimental to the host trees and other plants in the
environment due to physiological drought. Faunal nutrient input has the potential to affect the host
plant positively. The benefits of the large amounts of nutrients supplied by colonial breeding birds
have been documented to increase leaf N, P and Zn concentrations (Erskine ef al. 1998; Anderson
& Polis 1999; Garcia et al. 2002). The interactions between colonial birds and their host vegetation
can also lead to costs. Excessive nutrient faunal nutrient deposition can perpetuate soil damage,
squash woody vegetation, and dramatically alter soil chemistry changes (Weseloh & Ewins 1994;

Hebert et al. 2005).
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The cost of hosting colonial birds also includes physical vegetation damage through branch
breaking, death of host plants and deposit of excreta on leaves (Mulder & Keall 2001; Ellis 2005;
Havik et al. 2014; Otero et al. 2015). This study provided novel findings and a greater
understanding of the benefits and costs of arid zone savanna trees that host large colonial birds
(Chapter 4). I established that the interactions between the sociable weavers and the host trees
result in high foliar nutrients in the host trees than in trees without the nest (Chapter 4). The
interactions, however, also pose costs to host trees, including branch breaking, loss of canopy area,
death of terminal branches, death of part or the whole tree, higher seed damage by beetles, and its
consequences on the reproduction of host trees (Chapters 4 and 5). The benefits and costs of
hosting colonial birds in the desert ecosystem are relatively less explored. Previous studies
investigating the influence of colonial birds on host trees have focused on forest species and
seabirds, this study provided the first attempt to fully understand the impacts of these interactions
on savanna trees in arid climatic conditions. These findings provide value information for land
owners on the need to maintain colonies of sociable weavers on their properties, as this interaction

facilitates the conditions of the arid environment to support the growth of other plants.

The costs and benefits of a specific biotic interaction could change depending on the stage of life
of the species, the environment, or the climate (Newman 2021). The cost may outweigh the
benefits, or the benefits may outweigh the cost during certain times in the lifespan of the
individuals involved in the interaction (Newman 2021). In this study, I established that the
interaction between the sociable weaver and its host trees could not strictly be classified as
mutualism or parasitism but depends on the stage of the interaction and the population of the
sociable weavers as reflected in the size of the nest they build (Figure 6.1). At the early stages of

the interaction, host trees benefit from the high input of faunal nutrients by sociable weavers, but
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as the nest becomes more extensive, the trees lose most of their canopy to the nest, leading to the
death of branches, the whole tree, and the branch fall (Figure 6.1). The net effect of the costs and
benefits of a biotic interaction on the general fitness of the host is the theoretical basis for assigning
mutualism, parasitism, or commensalism tags (Ewald 1987; Johnson et al. 1997). Biotic
interactions could start as mutualistic but could change to parasitic with the length of the
relationship, host age, or environmental conditions, making costs greater than benefits (Ewald
1987; Johnson et al. 1997; Newman 2021). Mutualism and parasitism are therefore described as
extremes of a dynamic continuum of species interactions, as described by Ewald (1987) and

Johnson et al. (1997) as a 'mutualism-parasitism continuum'.

Cost / Loss of photosynthetic area

v

Survival strategy OR Increasing Cost

Figure 6.1: A tree without a sociable weaver nest has a full canopy cover of leaves and creates
islands of fertility through litter fall, nitrogen fixation, and the attraction of large herbivores (Figure

6.1A; Chapter 2). Once the sociable weavers build their massive nest in the tree, the faecal matter
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of the sociable weaver increases soil nutrients leading to larger tree growth, but also, the tree has
greater chances to lose some of its leaves to the nest cover (Figure 6.1B, C; Chapters 2, 3 and 4).
The sociable weavers continue to build and increase the nest size to cover a mean of 30% of the
tree canopy but, at times, up to 75% of the tree canopy (Figure 6.1C; Chapter 4). Trees with a large
nest have less of the leaves involved in active photosynthesis, which may not be able to support
the entire tree's food requirement. At this point, the supply of nutrients to a part of the tree that
does not produce food for the other parts to survive may be reduced. This could lead to the death
of terminal branches in some nest branches (Figure 6.1C; Chapter 4). Branch fall may be a survival
strategy of host trees to avoid total tree mortality (Figure 6.1D). Trees unable to break branches
could end in the death of most branches or the whole tree (Figure 6.1E; Chapter 4). When the tree

dies, the nest masses can fall after soaking up a lot of rainwater (Figure 6.1F).

Conclusions

In this thesis, I have presented the first attempt to quantify the costs and benefits to trees that host
the colonial nest of the sociable weavers. Specifically, I showed that savanna trees create an island
of fertility, but the presence of colonial sociable weaver nests on these trees further increases the
soil fertility created by the trees. I also found that a larger colony size means high faunal nutrient
input, and leguminous camelthorn increases soil fertility more than non-leguminous shepherd
trees. However, the islands of fertility created by trees differ from those made by colonial birds
and host trees. These islands of fertility support growth, foliar nutrient concentration, and
stoichiometries differently. My findings also show evidence of growth, nutritional and

reproductive costs, and the benefits of hosting the colonial nest of the sociable weaver. This study
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also represents the first attempt to empirically quantify the reproductive costs and benefits of the

interaction between the sociable weaver and its camelthorn host trees.

This study contributes to the growing literature on islands of fertility and colonial birds’ influence
on soil nutrient improvement. The study established that colonial birds in the arid zone savanna
also create an island of fertility with trees, which significantly increases soil fertility in this
ecosystem. The study also contributes to the literature on ecological engineering, showing how the
association between the sociable weavers and savanna trees ameliorate conditions in N-limited
desert soils which drives the growth of plants in this soil condition. These contributions have
important implications for conservation and management, as the protection of sociable weaver
colonies and their host trees would facilitate the conditions of the arid environment to support the
growth of other plants. This study highlights the role of interactions between fauna and flora in
contributing to savanna ecosystem heterogeneity and species richness, and consequently to

ecosystem resilience.

This study was carried out in one location of the range of sociable weavers and host trees.
According to the stress gradient hypothesis, facilitative interactions increase in a drier environment
(Bertness & Callaway, 1994). Exploring how this interaction change at different parts of the range
(across aridity gradient) of this interaction where environmental conditions differ would help to
make a generalisation of these findings. Future research to assess the costs and benefits to the
subcanopy plants under host trees would provide a holistic understanding of the effect of the

interaction on the savanna plant community.
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