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Introduction

Ecosystems are currently under pressure all around the globe through changes 
in land-use, climate, nutrient depositions, atmospheric carbon dioxide levels 
and biodiversity, as a result of increased human populations and activities 
(Sala et al. 2000; Walther et al. 2002; Field & Van Aalst 2014). More importantly, 
this is expected to continue in the near future. Therefore, ecologists face the 
challenging task to understand and predict the effects of all these human-
induced changes on ecosystems. Inevitably, a thorough understanding of 
ecosystem organization and functioning is needed to increase our predictive 
ability of ecosystem response to environmental changes.

Ecosystems organization

In ecosystems, organisms interact with each other and the environment, 
directly and indirectly, in many different ways, forming complex interaction 
networks (Gillson 2004; Pringle et al. 2010; Sterling, Gomez & Porzecanski 
2010). Ecologists have traditionally sought to understand this overwhelming 
complexity and its evolution in a reductionist manner adopting a taxonomic 
approach. However, problems arise in attempts to draw useful generalizations 
about ecosystem organization and behavior by synthesizing results from studies 
with a species-centered approach. The recognition that dynamic systems can 
exhibit complex, non-linear, chaotic and self-organizing behavior that is not 
simply predictable from the properties of their basic building blocks (Levin 
1999; Sole & Goodwin 2008) inspired scientists in other biological disciplines 
(biochemistry, cell biology, organismal physiology) to examine the organization 
of interactions in cells and organisms, rather than the characteristics of their 
isolated components (Rosen 1991; Kitano 2002; Sun & Becskei 2010). As a 
result of such interactions, emergent structural properties and behavior often 
arise at the focal level of organization (Levin 1998; Morowitz 2002). Biological 
examples of such emergent properties are bird flocking behavior and termites 
mound building, which are hard to predict from the characteristics of separate 
individuals, or problematically, from their DNA sequences. Nevertheless, 
both emergent properties can be described by simple rules of interactions 
between individuals through the process of self-organization (Camazine 
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2003). In analogue, a generally accepted concept that describes how “simple” 
interactions at the species level are structured and organized at the ecosystem 
level not yet exists, hampering our predictive ability of ecosystem responses 
to imposed threats. Furthermore, such a concept could provide a mechanistic 
understanding for the patterns and processes observed at the ecosystem level 
(nutrient cycling, bi-stable states, vegetation patterns).

African savanna ecosystems

Savannas are important ecosystems, both from and ecological and socio-
economic perspective. They occupy a fifth of earth’s land surface and contain a 
large and rapidly growing proportion of the world’s human population and the 
majority of its rangelands and livestock (Scholes & Archer 1997). Furthermore, 
savanna ecosystems are expected to be very sensitive to future changes (Sala 
et al. 2000; Midgley & Bond 2015). Nevertheless, how they will be affected by 
human-induced environmental changes is poorly known. 
Sub-Sahara African ecosystems are water-limited (Nemani et al. 2003; Sankaran 
et al. 2005), making these ecosystems sensitive to alterations in precipitation 
events. One of the primary consequences of climate change is a shift in 
precipitation patterns (Hulme et al. 2000), which is therefore expected to 
affect ecosystem structure and functioning. Nevertheless, savanna ecosystem 
structure is poorly predicted by climate alone (Lehmann et al. 2011), but is also 
dependent on the disturbance regime, such as regular fire outbreaks which 
‘consume’ large parts of vegetation biomass (Bond & Keeley 2005; Staver, 
Archibald & Levin 2011a). Besides these fire disturbances, also other consumers 
like large herbivores (McNaughton 1984; Sankaran, Augustine & Ratnam 2013) 
and termites (Freymann & Olff 2009; Pringle et al. 2010; Sileshi et al. 2010) 
strongly affect ecosystem structure and functioning. The distribution of these 
consumers is strongly dependent on rainfall (Hempson et al. 2014). Furthermore, 
there are interactions between vegetation types (tree-grass interactions) 
(Scholes & Archer 1997), between groups of consumers (fire-grazer interactions) 
(Archibald et al. 2005) and functional groups of macrodetritivores (dung beetle-
termite interactions) (Freymann & Olff 2009). Additionally, both vegetation and 
consumers might feedback on local environmental conditions by changing 
water and nutrient availabilities (Belsky et al. 1989; McNaughton, Banyikwa & 
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McNaughton 1997a; Bond & Keeley 2005; Sileshi et al. 2010). Altogether, this 
results in a very complex structure of interactions with many determinants 
and feedback mechanism. Not surprisingly, dynamic global vegetation models 
(DGVM’s) are generally found poor predictors of savanna ecosystem structure 
and functioning (Bonan et al. 2003; Hely et al. 2006; Hickler et al. 2006; Sato, 
Itoh & Kohyama 2007). Therefore, a general concept based on the interactions 
between species that incorporates the feedback mechanisms is now needed to 
describe the organization of savanna ecosystems to subsequently explain the 
patterns that arise at the ecosystem level. 

Objectives

With this dissertation, I aim to contribute to a better general understanding of 
ecosystem organization, with a special focus on African savanna ecosystems. 
To this end, I first review and further develop the concept of ecological 
autocatalysis, that combines information on consumer-resources linkages 
with additional feedback mechanisms to identify groups of organisms that 
positively affect each other (autocatalytic loops). Interactions between 
multiple autocatalytic loops can provide a mechanistic understanding of 
the patterns and processes found at the ecosystem level. Therefore, the 
concept of ecological autocatalysis could serve as a framework to understand 
ecosystem organization in any ecosystem. Subsequently, I explore how 
this concept might yield useful insights in the description of ecosystem 
organization of real ecosystems, using an African savanna as a study system. 
I first explore how biotic feedback mechanisms, that are central to the 
concept of ecological autocatalysis, can change local availabilities of water 
and nutrient, loosening the connection with large-scale environmental 
gradients. I then investigate the strength of consumer-resource linkages, 
that form the backbone of the autocatalytic loops, by quantifying the rates 
of primary production, herbivore consumption and decomposition across a 
rainfall gradient. Together, these consumer-resource linkages and the biotic 
feedback mechanisms, determine the strength of positive feedback within 
each loop and consequently, the negative interactions between the loops. 
Therefore, they provide the basis for the understanding of the importance of 
ecological autocatalysis for the organization of African savanna ecosystems. 
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Last, I investigate how these obtained insights in the organization of savanna 
ecosystems provide a mechanistic explanation for the vegetation patterns 
and spatial heterogeneity of the landscape. 

Study area

All data for the studies in this thesis were collected in Hluhluwe-iMolozi Park, 
South Africa. Hluhluwe and Umfolozi game reserves were first proclaimed in 
1895, and were connected by the so-called Corridor area in 1989 and now 
covers approximately 90.000 ha (Brooks & Macdonald 1983; Brooks 2005). The 
park is characterized by its high heterogeneity and covers a strong north south 
elevation gradient ranging from 584m to 38m, respectively. Mean annual rainfall 
ranges from approximately 500 to 900 mm, increasing with altitude (Balfour & 
Howison 2002). Wet season starts in October and ends in March. Annual mean 
temperature ranges from 13°C to 35°C, with higher temperature during the 
wet season. The parks vegetation is very heterogeneous with grazing lawns 
ranging between a few square meters to several of hectares that alternate 
with tall grasslands dominated by bunch/tussock forming species (Cromsigt 
& Olff 2008). Most abundant grazing lawn grass species are Digitaria longiflora, 
Sporobolus nitens, Panicum coloratum, Urochloa mosambicensis, Dactyloctenium 
australe and Cynodon dactylon and tall bunch grass communities are 
dominated by Sporobolus pyramidalis, Themeda triandra, Eragrostis curvula, 
Panicum maximum, Digitaria eriantha, Setaria sphacelata, Cymbopogon 
excavatus, Hyparrhenia filipendula, Chloris gayana and Bothriochloa insculpta. 
The geology of the park is complex and heterogeneous at small scales. Alluvial, 
dolerite, sandstone, shale and tillite parent material are present, resulting in 
soils ranging from very sandy to very clayey (King 1970).
The park hosts a variety and relatively high biomass of large herbivores (Waldram, 
Bond & Stock 2008; Cromsigt et al. 2009).  The most important herbivores are 
African buffalo (Syncerus caffer), African elephant (Loxodonta africana), blue 
wildebeast (Connochaetes taurinus), Burchell’s zebra (Equus burchellii), giraffe 
(Giraffa camelopardalis), greater kudu (Tragelaphus strepsiceros), grey duiker 
(Sylvicapra grimmia), impala (Aepyceros melampus), nyala (Tragelaphus angasii), 
warthog (Phacochoerus africanus) and white rhinoceros (Ceratotherium simum). 
The park is well-known for its high densities of rhino’s and is one of the last areas 
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in the world with high densities of megaherbivores. Furthermore, it possesses 
spatial maps of burned areas for the last 60 years and a good logistic network. 
Altogether, the steep rainfall gradient, ‘intact’ herbivore assemblage, good 
vegetation maps, fire record and logistic network made this an ideal study site 
to address the objectives of this thesis.

Thesis outline

I start with a review on the concept of ecological autocatalysis (Chapter 2) that 
follows from key concepts in community ecology (interspecific interactions, 
community assembly, ecosystem engineering) and develop the framework 
further to link community processes to important ecosystem patterns and 
processes (nutrient cycling, alternative stable states, landscape heterogeneity).  
Subsequently, I apply this concept to African savanna ecosystems to investigate 
its practicality for the understanding of ecosystem organization. Therefore, I 
first investigate the biotic feedbacks on local availability of resources (i.e. water, 
nutrients) ( Chapter 3,4 and 5), key to the concept of ecological autocatalysis. 
First, in Chapter 3, I investigate an alternative hypothesis on grazing lawn 
formation. Current literature focuses on effects of defoliation and nutrient 
cycling, but is unable to explain grazing lawn formation in all ecosystems. I 
added additional feedback mechanisms that decrease water availabilities in 
soils of heavily grazed patches, resulting in grazing adapted vegetation (lawn 
grasses). In Chapter 4 I quantify how large grazers and macrodetritivores 
redistribute nutrients across the landscape, highlighting the important role 
of the megaherbivore white rhinoceros. Furthermore, I found that nutrient 
redistributions by animals within the system are significant and extensive 
and of the same order of magnitude as regional atmospheric nutrient in 
and outputs (emissions, fixation and deposition). In Chapter 5 I investigated 
whether these localized biotic feedbacks outweigh a major regional rainfall 
gradient in determining the nutrient limitations of plants (using foliar N:P 
ratios). I indeed found that distinct vegetation types just several meters from 
each other differed strongly in N:P ratios, whereas N:P ratios did not change 
over a rainfall gradient, suggesting a strong biotic feedback.
Then, I studied the strength of consumer-resource linkages that server as 
the basic interaction structure of the autocatalytic loops and eventually 
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determine how nutrient and energy cycle through ecosystems.  Therefore, I 
quantified how important ecosystem fluxes, as primary production, herbivore 
consumption and organic matter decomposition, differed across the rainfall 
gradient and between vegetation types (Chapter 6 and 7). In Chapter 6 I 
investigated the effect of rainfall, temperature and different decomposer 
communities (microbes, non-social macrodetritivores, termites) on organic 
matter decomposition. Microbes and non-social macrodetritivores decreased 
their activity in period with low water availability, whereas termites showed 
no effect. Therefore, termites decrease the dependence of the decomposition 
process on environmental variability, increasing robustness against climate 
change.
Last, I investigate how the obtained information about the organization of 
African savanna ecosystems in the previous chapters, using the concept of 
ecological autocatalysis, helps to explain the patterns in vegetation and spatial 
heterogeneity of the landscape (Chapter 7 and 8). In Chapter 7, I quantified the 
primary productivity and large herbivore consumption of both lawn and bunch 
grasslands across the rainfall gradient and concluded that the differences in 
primary productivity were more important than the differences in herbivore 
consumption in determining the spatial heterogeneity in vegetation height of 
the savanna grass layer. In Chapter 8, I analyzed the effect of rainfall, fire, grazers 
and browser on the spatial patterning of woody species across the landscape. I 
found that rainfall and fire both increase clustering of woody species and that 
the effect of herbivores is more complicated. The study suggests a switch from 
tree-tree competition for water under low rainfall conditions towards tree-tree 
facilitation through protection against fire under higher rainfall conditions.
The final chapter of the thesis (Chapter 9) integrates the results of the preceding 
chapters (3-8) with the current scientific literature and discusses how they fit 
into the framework presented in chapter 2. It describes how the understanding 
of African savanna ecosystems might benefit from the concept of ecological 
autocatalysis and identifies some promising avenues for future research.
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Abstract

Ecosystems comprise conversions and flows of energy and materials (i.e. 
chemical elements), structured by evolved information held in organisms 
(genotypes, phenotypes) and their interactions. With regard to organismal 
conversions, important generalizations have emerged over the last decades 
for both energy (metabolic theory of ecology) and materials (ecological 
stoichiometry). Also, new genomics techniques have led to ground-breaking 
steps in the understanding of genotype-phenotype information exchange. 
However, these new insights leave one key question on information in 
ecosystems still too little addressed: are there basic principles that explain how 
the (self-)organization of ecosystem-level interaction structures among species 
arises, with associated pathways and cycles of energy and material flows?
Here we review recent contributions to the understanding of ecosystem (self-)
organization and develop the emerging concept of ecological autocatalysis 
(EA). We suggest that EA is a central principle that arises at the ecosystem 
level from a combination of self-organization with natural selection, with 
a key role for cyclic, self-promoting interaction structures in which different 
species benefit from each other. We discuss the implications of EA for better 
understanding ecosystem-level phenomena as nutrient cycling, ecosystem 
stability and eco-evolutionary dynamics. 
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Introduction

The systems biology approach has radically changed the fields of biochemistry, 
cell biology, and organismal physiology over the last decades. The recognition 
that non-living dynamic systems can exhibit complex and self-organizing 
emergent behavior that are not simply predictable from the properties of 
their basic building blocks (Levin 1999; Sole & Goodwin 2008) inspired many 
scientists to (re-)examine the organization of interactions in cells and organisms, 
rather than to focus on the characteristics of their isolated components, such as  
genes (Rosen 1991; Kitano 2002; Sun & Becskei 2010). Preceding this trend 
by decades, the field of (eco)systems ecology was one of the first biological 
disciplines to adopt the complex systems perspective, through mapping 
and quantifying fluxes of energy and nutrients between biotic and abiotic 
compartments (Lindeman 1942; Odum 1953, 1968; Pace & Groffman 
1998). Surprisingly, although the complex (adaptive) systems perspective 
has revolutionized other fields in biology as cell biology, genetics and 
developmental biology, the field of systems ecology seems to be losing ground, 
possibly because it seems to lack generally accepted theories or principles on 
ecosystem organization. So is each ecosystem really differently organized, 
and should thus be studied case by case? If instead present, such principles 
of organization are expected to arise from the hybrid  network of different 
types of interactions among species, like predation, competition, mutualism, 
parasitism and ecosystem engineering (Olff et al. 2009). A combined approach 
that incorporates these mechanisms through which individuals and species’ 
populations interact and the self-organizing principles that structure these 
interactions at the level of the ecosystem is now needed to develop satisfying 
general concepts on ecosystem structure and organization (Levin, Dushoff & 
Keymer 2001; Loreau et al. 2001; Naeem 2002; Hooper et al. 2005; Loreau 2010a).
So far, the food web approach comes closest to examining general principles that 
explain how organization arises in ecosystems (Ings et al. 2009; Thompson et al. 
2012), providing a valuable starting point. However, most present-day food web 
approaches lack key elements of whole-ecosystem organization, specifically: 1) 
Food web studies generally do not incorporate non-trophic interactions, while 
these have been shown to be very important for ecosystem organization and 
functioning (Goudard & Loreau 2008; Olff et al. 2009; Kéfi et al. 2012, 2015). 2) Also, 
most food web studies describe unidirectional flows of energy and matter while 
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ecosystems are characterized by cycles, especially for limiting nutrients (Patten 
& Odum 1981). 3) And, most food web studies only describe parts of ecosystems 
or modules (e.g. plant-herbivore, detritus-detritivore, or herbivore- or 
detritivore-mesopredator-toppredator trophic networks), while the connection 
between producers, consumers and decomposers is essential for understanding 
ecosystem organization (Wardle et al. 2004; Schrama, Berg & Olff 2012a; 
Bardgett & van der Putten 2014). Therefore, incorporating insights from these 
modules (as soil food webs, plant-mutualist networks) into a more general 
food web theory will be the first step towards a general theory on ecosystem 
structure and dynamics. A key question in this is if main principles, regularities 
or concepts can be identified that explain the organization of ecosystems from 
a large number and variety of underlying types of species interactions.
Here, we review and develop the emerging concept of ecological autocatalysis: 
a so far underappreciated regularity in interaction structure between species 
in ecosystems that has this potential in our view. Ecological autocatalysis 
captures the nutrient cycling aspect of ecosystems and links producers, 
consumers and decomposers and additional non-trophic interactions, with 
important self-organizing features at the system level. Furthermore, we discuss 
the implications of this framework for well-developed concepts in ecosystem 
ecology, as alternative stable states, critical transitions, ecosystem stability, as 
well as its evolutionary implications. 

Ecological autocatalysis  

Positive feedbacks
Central to the organization of biological systems is the principle of positive 
feedback relationships between system elements. Traditionally, positive 
feedback relationships have received relatively little attention in biology 
due to their assumed destabilizing effect on system behavior, as they were 
thought to be incompatible with the overall assumed “balance of nature” 
(Stone & Weisburd 1992; Sneppen, Krishna & Semsey 2010). However, positive 
feedback loops are extensively observed in every scale of biological processes, 
from biochemical reaction networks to cells to ecosystems (Gadgil & Kulkarni 
2009), where agents often stimulate each other in a circular configuration 
(autocatalytic loop). Furthermore, recent theoretical and empirical studies 
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have shown that positive feedbacks drive many important ecological and 
evolutionary processes, suggesting an underappreciated role of positive 
feedback in biological systems (Crespi 2004; Scheffer 2009; Lehtonen & Kokko 
2012). 

Table 1. Observations of ecological autocatalytic sets of more than two species in various ecosystems

Ecosystem Observation Reference
Freshwater lakes Utricularia serves as an substrate for periphyton growth, that 

in turn is grazed by zooplankthon. Zooplankton provides 
nourishment to the Utricularia via mineralisation of periphyton.

(Ulanowicz 
1995)

Marine pelagic 
system

Phytoplankton produces dissolved organic matter that is rapidly 
mineralized by bacteria and Protozoa and returned as nutrients 
for plankton uptake.

(Stone & 
Weisburd 1992)

Marine  
tidal 
system

Bivalves and their endosymbiotic sulfide-oxidizing gill bacteria 
profit from seagrasses through organic matter accumulation 
and radial oxygen release. In turn, the bivalve-sulfide-oxidizer 
symbiosis reduces sulfide levels and increases seagrass 
production. 

(van der Heide 
et al. 2012)

Soils Bacterial feeding nematodes stimulate bacterial growth through 
bacterial transport and nutritional enhancement of bacterial 
activity (via N-excretion).

(Standing et al. 
2006)

Plant-soil
interphase

Bacterial feeding nematodes increase bacterial densities, 
N-mineralization, N-uptake by plants and plant primary 
production. 

(Ingham et al. 
1985)

Savannas Native herbivore consumption of grasses in Serengeti National 
Park stimulates net primary productivity through various 
mechanisms.

(McNaughton 
1979)

Coral reefs Algal growth is stimulated by reef herbivores through reduction 
of deleterious effects of self-shading on primary production and 
input of regenerated nutrients from excretions.

(Carpenter 1986)

Autocatalytic loops
Several studies now suggest that the ‘core engine’ of many (if not all) ecosystems 
is formed by an autocatalytic set of species populations that promote each 
other in a loop through positive feedbacks (Table 1). From a systems biology 
perspective, such autocatalytic loops or sets are not at all new. Autocatalytic 
sets were originally defined in terms of chemical species interacting in 
biochemical systems where reactions between interacting species catalyze 
enough substrate for the next reaction so that the whole set of chemical 
reactions is self-sustaining given sufficient input of energy and essential 
materials (Kauffman 1986; Hordijk & Steel 2004; Mossel & Steel 2005). This arises 
when a set of chemical species form an autocatalytic loop (e.g., A catalyzes the 
formation of B, B catalyzes C and C catalyzes the formation of A). Such chemical 
autocatalytic loops, such as the regular and reverse Krebs cycle, are found at 
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the heart of the intermediate metabolism of all organisms, are often statistically 
and thermodynamically favored over alternative configurations, and may even 
explain the origin of life (Morowitz et al. 2000; Lincoln & Joyce 2009; Giri & Jain 
2012). Hence, they are not trivial or rare structures in biochemical interaction 
networks. In analogue, interacting populations of different species in an 
ecosystem can form an autocatalytic loop if each species produces the 
resource for the next species in the loop, in such a configuration that the 
whole set of species is self-promoting given sufficient input of energy and 
essential materials (carbon, nutrients). For example: species A produces 
the resources needed by species B, B produces the resources needed by C 
and C produces the resources needed by A (Fig 1A). Similar to biochemical 
autocatalytic loops in a cell, such ecological autocatalytic loops in ecosystems 
are expected to be thermodynamically favored over alternative configurations. 
As natural selection will favor traits that lead to benefits in the performance of 
individuals (e.g. growth, reproduction, survival), traits are expected to evolve 
where species promote their own conditions through other species (Loreau 
1998, 2010b; Barot et al. 2014). This is similar to the evolution of two-species 
mutualisms, but then with more than two species involved. For example, 
the configuration of three species shown in Fig. 1A will be self-enforcing, 
forming an autocatalytic loop of biological species. Note that the conceptual 
relation between chemical stoichiometry and the highly successful field of 
ecological stoichiometry (Elser et al. 2000; Sterner & Elser 2002) is the same 
as between chemical autocatalysis and ecological autocatalysis. Ecological 
stoichiometry deals with basic principles in organismal-level conversion of 
energy and materials, while ecological autocatalysis deals with basic principles 
in ecosystem-level organization of energy flows and nutrient cycling. 

Building on the pioneering but not yet generally accepted work of Ulanowicz 
(1997, 2009), we explore the idea that sets of biological species that form 
autocatalytic loops logically arise at the ecosystem level through self-
organization aspects of nutrient recycling, where particular configurations of 
species that promote each other most are most likely to prevail, with community 
assembly processes (Diamond 1975) and ecosystem assembly processes 
(Schrama et al. 2012a, 2013a) forming the underlying dynamics. The work by 
Ulanowicz builds on first efforts by Lindeman (1942) and Hutchinson (1948) , 
instigators of cybernetic approaches in ecology that explores the origin, 
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Fig. 1. A) Conceptual overview of an ecological autocatalytic set of species. B) The most basic 
autocatalytic loop present in all ecosystems where autotrophs and decomposing microbes form a 
circular confi guration. C) An extension of B including an earthworm species. D) When a herbivore enters 
the system it might change the systems of dominance of an alternative autocatalytic loop.

structures, constraints, and possibilities of regulatory systems. Subsequently, 
Odum (1971) took their ideas one step further in his descriptions of “reward 
loops” that further resound in recognition of the importance of positive 
interactions (Bertness & Callaway 1994), positive feedback (DeAngelis, Post 
& Travis 1986), emergent properties (Jørgensen, Patten & Straškraba 1992) 
and formal causality (Ulanowicz 1997). However, despite the long origins and 
development of this idea of self-enforcing species interactions, the far-reaching 
implications of the concept of autocatalytic loops for ecosystem organization 
are now gradually emerging (Gadgil & Kulkarni 2009; Ulanowicz 2009a; Hordijk, 
Steel & Kauff man 2012) but still without strong penetration to the mainstream 
literature. Here, we argue that these positive feedbacks are the foundation 
of ecosystem organization, as they lead to the emergence of autocatalytic 
sets of biological species. The resulting system-level interaction structures 
(autocatalytic loops), subsequently, have large consequences for community 
structure and vice versa (interacting top-down and bottom-up causality), 
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instead of the classic view that community structure is only determined by traits 
or assembly rules of component species which in turn determines ecosystem 
functioning (bottom-up causality) (Fig. 2). In addition, development of the 
concept yields that key aspects of ecosystems organization as competition, 
facilitation and nutrient cycling arise as a consequence of autocatalytic loops 
instead of having to be seen as independent processes. 

Fig. 2. Overview of the positioning of the concept of ecological autocatalysis. Autocatalytic loops 
represent the interaction structure of species through self-organization and follows from principles in 
community ecology. At the same time, the autocatalytic loops feedback on the individual species as 
they constitute their environment. Last, autocatalytic loops form the mechanistic basis for understanding 
the processes and patterns observed within ecosystems.

Ecological autocatalysis: non-trophic interactions and nutrient cycling
Nutrient cycling is one of the fundamental aspects of the organization 
and dynamics of ecosystems. Producers, consumers and decomposers form 
interaction structures that comprise self-reinforcing circuits (autocatalytic 
loops) of chemical elements and therefore such structures form the backbone 
of ecosystem organization (Odum 1960, 1968) and key concepts as ecological 
stoichiometry (Elser et al. 2000; Sterner & Elser 2002). A simple example helps 
to illustrate this. Imagine a grass species (P) that grows using mineral nitrogen 
and phosphorus taken up from the soil, and in doing so produces detritus, 
that stimulates the growth of a population of particular heterotrophic bacteria 
(M), that in turn make nitrogen and phosphorus again available for the plants 
through organic matter decomposition (Fig. 1B). This circular relationship 
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between autotrophs that build organic molecules and decomposers breaking 
them down forms the basic structure of all ecosystems and is the generic 
motor on which all life on earth depends. Subsequently, we can extend 
this loop by adding an earthworm species (D) that consumes the litter and 
through fragmentation and mixing of litter stimulates bacterial growth (Fig. 
1C). Note that this autocatalytic loop of species (that all profit from each other) 
is not solely based on predator-prey interactions and contains the element 
of ecosystem engineering and nutrient cycling, and therefore generally is 
not dealt with in the current food web literature. In this loop, consumers do 
not negatively affect the production rate of their resource (as in food webs), 
but instead they stimulate the production of their food indirectly through 
benefiting other species. The plants are not negatively affected by the 
consumption of their litter by earthworms, in fact they mostly profit from it, 
but in an indirect way (because the earthworms promote bacterial growth 
in soil and in their casts, which promotes the flux of nutrients that becomes 
available to the plant (Ingham et al. 1985; Standing et al. 2006). Similarly, the 
earthworms are not negatively affected by the consumption of the organic 
material in their casts by bacteria, they instead profit from it, but again in an 
indirect way (because the bacteria produce nutrients, which causes the plants 
to produce more earthworm food). Grasses, earthworms and bacteria together 
thus form an autocatalytic loop. The result is a circular interaction configuration 
based on a set of consumer-resources linkages through which both energy 
and nutrients flow. Trophic interactions can be inserted in such a loop. For 
example, herbivores can graze on plants, and their dung can replace the role 
of litter for earthworms (Fig. 1D). Earthworms ingest bacteria that grow on 
own casts, and digest them. As a result, nutrient cycling can be viewed as the 
result of an emerging configuration of trophic and non-trophic interactions at 
the ecosystem level (De Ruiter, Neutel & Moore 1994; Berg et al. 2001; Vos et 
al. 2011) instead that nutrient cycling or nutrient availability determines the 
outcome of species interactions, as is an often accepted view. 

Increasing loop weight: locking nutrients into the system
When in a new habitat (e.g. at the start of primary succession in a terrestrial 
ecosystem) plants, macrodetritivores and bacteria simultaneously arrive, 
then the populations of all species are expected to grow and increasingly 
recycle more nutrients together, resulting in an increase in the weight of the 
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autocatalytic loop. This loop weight can be defined in different ways, such as 
through the geometric mean interaction strength between species involved in 
a loop (Neutel, Heesterbeek & de Ruiter 2002) or as the magnitude (or hence 
asymmetry) of flows (Ulanowicz, Holt & Barfield 2014). The development of 
ecosystem organization will first depend on the input of external nutrients 
and energy, for example atmospheric, hydrodynamic or weathering inputs. 
Next, enhanced nutrient cycling infers strong positive feedback links within 
the autocatalytic loop that facilitates the capture and localization of more 
nutrients and energy (Bianchi, Jones & Shachak 1989; Stone & Weisburd 1992). 
The effective recycling traps nutrients into a loop and make it possible to 
reutilize them repeatedly, resulting in a more and more closed nutrient cycle 
over time and increased productivity of all compartments (Odum 1969; Loreau 
1998, 2010b; Schrama et al. 2013a). For example, the very high production of 
coral reefs is maintained by an efficient recycling of nutrients that stimulate 
phytoplankton growth, pelagic grazing and bacterial (re)mineralization (Furnas 
et al. 2005). This effective recycling prevents leakage of internal nutrient sources 
and captures external source nutrients into the ecosystem, thereby increasing 
total ecosystem nutrient stock and cycling, resulting in nutrient hotspots in 
otherwise oligotrophic landscapes. Similar insights are achieved in studies on 
consumer-mediated nutrient supply, for example on promotion by herbivores 
of their own food availability (McNaughton 1979; Allgeier, Yeager & Layman 
2013). Ulanowicz (2009b) refers to this mechanism as “centripetality”, where the 
autocatalytic nature of the species interactions “pulls” more and more nutrients 
into the ecosystem, which in turn facilitates increased capturing of energy into 
the ecosystem by primary producers, in turn promoting energy availability to 
heterotrophs, enhancing nutrient recycling.

Key role for ecosystem engineers in autocatalytic loops 
Although consumer-resource interactions form the backbone of autocatalytic 
loops, species within an autocatalytic loop can potentially interact in many 
different ways (Olff et al. 2009), thereby changing environmental conditions 
for other species within the loop. Species can make local abiotic conditions 
for their own population growth more beneficial by niche construction, such 
as dam construction by beavers and promoted soil porosity by burrowing 
soil macrofauna, from which not only the original species can profit but also 
other species with associated ecological requirements. As a result, these 
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positive feedbacks among species in an autocatalytic loop in combination 
with beneficial environmental modification by species can shift the range 
of local conditions to the benefit of all participants (Ulanowicz 1997; Olff et 
al. 2009). In our previous example, earthworms not only increase nutrient 
mineralization, but also increase water infiltration, soil water holding capacity 
and aeration through their burrowing activities, from which both microbes 
and grasses benefit. Therefore, organisms that directly or indirectly modulate 
the availability of resources to other species, by causing state changes in biotic 
or abiotic material, often referred to as keystone species (Power et al. 1996), 
ecosystem engineers (Jones, Lawton & Shachak 1994) or foundation species 
(Whitham et al. 2006), are expected to fulfill prominent roles within autocatalytic 
loops. These environmental modifications can subsequently feedback causing 
a change in species composition and even evolutionary processes, i.e. via 
alternative niche constructions (Odling-Smee, Laland & Feldman 2003; Post 
& Palkovacs 2009; Kylafis & Loreau 2011). As Post et al. (2009) point out, such 
niche construction is not limited to the active engineering of the environment 
but includes all of the by-products of living organisms (eating, excreting, dying, 
nutrient uptake and mineralization, etc). During this process of engineering 
the structural properties and behavior arise at the ecosystems level through 
self-organization (Levin 1998). 

Summarizing, a circular species interaction structure in the form of an 
autocatalytic loop emerges from the simple fact that organisms frequently 
depend on each other for resources, and evolve to utilize each other’s waste 
products, with nothing preventing loop closing. This self-organized property 
arises at the ecosystem level and results in the cycling of nutrients and energy 
flow, where it subsequently feeds back on loop configuration by changing 
environmental conditions (Fig. 2). However, this is not necessary restricted to 
a single loop to develop in an ecosystem. Next, we will explore implications 
of the presence and interactions of multiple autocatalytic sets of species for 
ecosystem structure and dynamics. 
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The coexistence of multiple autocatalytic loops

Alternative autocatalytic loops
Energy and nutrients in ecosystems generally do not flow through a single 
channel (energy) or loop (nutrients) of interacting species, where both 
concepts are interchangeable: the more open loops are (as in the case of 
energy as a currency) the better they can be represented as channels. Instead 
of having a single channel or loop, in most, if not all, ecosystems multiple loops 
and/or channels seem to be present. Examples include “green” and “brown” 
pathways in the aboveground and belowground compartment of ecosystems, 
respectively, or fast and slow cycles belowground through bacterial and fungal 
dominated channels, respectively (Odum 1969; Moore et al. 2004; Rooney et al. 
2006; Rooney, McCann & Moore 2008). The weight distribution between these 
different pathways or loops has been shown to be often asymmetric (Rooney 
et al. 2006), with one pathway dominating over the other(s) depending on 
environmental conditions, and are variable in both space and time (Berg et 
al. 2001; Neutel et al. 2007; Schrama et al. 2012a). This asymmetry suggests 
possibly competition for resources (energy and nutrients) between pathways, 
and interactions between pathways that are important factors affecting 
ecosystem structure, dynamics and functioning (Cebrian & Lartigue 2004; 
Bardgett et al. 2005; Butler, Gotelli & Ellison 2008; Schrama et al. 2012a). The 
fundamental question however, still unresolved, is what drives the emergence 
of these alternative pathways of interacting species at the ecosystem level?   
The concept of emerging autocatalytic loops provide a step forward in 
understanding the formation and existence of multiple pathways of energy 
and nutrient cycling. When multiple loops are present in close vicinity, it 
is the autocatalytic nature of these loops that results in negative feedback 
interactions between loops. 

Negative feedback interactions between loops
As outlined before, autocatalytic sets of species may arise as a result of local 
internal fine-scale interactions through self-organization and therefore provide 
a mechanistic basis for the occurrence of alternative energy channels. This 
differentiation is often a result of interacting self-reinforcing processes (Peterson 
2002; Rietkerk et al. 2002a) and emerges from internal fine-scale interactions 
(Rohani et al. 1997). This corresponds well with interaction-redistribution 
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models of vegetation dynamics (Lejeune, Tlidi & Couteron 2002), based on the 
balance between short-range facilitation (positive feedbacks within loops) and 
long range competition (negative feedbacks between loops). This is supported 
by empirical data of woody vegetation, with local nutrient accumulation 
through positive feedbacks, resulting in “islands of fertility” in nutrient-poor 
environments, causing a redistribution of nutrients (Schlesinger et al. 1990; 
Belsky 1994; Callaway et al. 2002; Bruno, Stachowicz & Bertness 2003). These 
positive interactions within loops and negative interactions between loops 
may result in ecosystem-level competition between alternative autocatalytic 
sets of species (Ulanowicz 1997; Petchey, Morin & Olff 2009). The result is a 
landscape with multiple basins of attraction (Rietkerk et al. 2002a; Scheffer & 
Carpenter 2003) and associated alternative stable states, and therefore can 
be seen as the driving force behind the origin of landscape heterogeneity in 
abiotic relatively homogeneous conditions.
The self-reinforcing nature of co-existing autocatalytic loops can thus be seen 
as the causal agent for spatial heterogeneity of landscapes at the regional 
scale. Fig. 3 shows alternative herbivore (H) and a detritivore (D) loops. 
Plants can be consumed by large herbivores, that produce dung for dung-
feeding macrodetritivores, that further process the dung to fine detritus for 
microbes, that in turn mineralize detritus to provide plants with nutrients. In 
contrast, when plants are not eaten, they ‘produce’ litter that is fragmented by 
macrodetritivores (e.g. earthworms), which is further decomposed by microbes 
to supply nutrients for plants. Besides these consumer-resource interactions 
that form the backbone of both loops, they exhibit important additional 
feedback mechanisms. Large herbivores consume living plant material and 
compact the soil, thereby inducing hydrological and anaerobic stress, resulting 
in stress-adapted vegetation (Veldhuis et al. 2014a). However, macrodetritivores 
bioturbate the soil,  increasing aeration and water holding capacity, and 
therefore generally decrease stress, with subsequent consequences for the 
plant community (Meysman, Middelburg & Heip 2006). This competition 
between biocompaction and bioturbation is an example of ecosystem level 
competition between two autocatalytic loops that arises a result of positive 
feedbacks within each loop (Howison 2016).
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loop species promote each other by providing resources and changing environmental conditions. 
Between loops negative feedbacks occur resulting in competition between autocatalytic loops at the 
ecosystem scale. 

Environmental gradients: changes in feedback strength and loop dominance
Feedback strength of autocatalytic loops is expected to change over 
environmental conditions. Consequently, specifi c autocatalytic sets of species 
are more likely to be encountered under certain environmental conditions (e.g. 
forest under high rainfall conditions) than others. In our herbivore-detritivore 
example, soil compaction by large herbivores depends on soil texture, with 
clayey soils being better compactable than sandy soils (Van Haveren 1983). 
Therefore, feedbacks strength of herbivore loop through biocompaction 
decreases with particle size (Fig. 4). In analogue, empirical evidence is provided 
by long-term fi re exclusion experiments (Trapnell 1959; Higgins et al. 2007). 
Fire is able to repress woody vegetation thereby keeping the ecosystem in a 
grassy state. Therefore, fi re suppression could initiate positive feedbacks within 
woody vegetation transferring the ecosystem from grassland to a forest (that 
is subsequently able to repress fi re). However, the rate of change (or feedback 
strength) depends on nutrients (Kellman 1984) and water availability with 
arid sites potentially maintaining their grassy state, even after 50 years of fi re 
exclusion (Bond, Midgley & Woodward 2003; Higgins et al. 2007). 

Loop switching: critical transitions and alternative stable states
The organization of species interactions in ecosystems has been observed to 
be able to switch abruptly to contrasting alternative stable states in response 
to a gradual change in an external  driver (Scheff er et al. 2001; Scheff er & 
Carpenter 2003). These critical transitions generally refl ect bistability in the
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Fig. 4. Expected patch size distribution and autocatalytic loop strength across a gradient of soil particle 
size. Feedback strength of autocatalytic loops is expected to change over environmental conditions. 
Soil compaction by large herbivores depends on soil texture, with clayey soils being better compactable 
than sandy soils. Therefore, feedbacks strength of herbivore loop through biocompaction decreases 
with particle size. Colors and letters correspond with Figure 3. 

system arising from positive-feedback loops (or a mutually inhibitory, double 
negative-feedback loops) (Angeli, Ferrell & Sontag 2004). However, although 
the presence and behavior of critical transitions between alternative stable 
states has been studied for some time (Scheff er et al. 2001), the framework 
of autocatalytic loops presented here provides a mechanistic basis for their 
occurrence as a result of alternative (competing) autocatalytic loops. Critical 
transitions may arise from a shift in dominance of alternative autocatalytic loops 
after passing a certain threshold (i.e. tipping point) (Sneppen et al. 2010), that 
can result from natural processes (succession, catastrophic climatic cycles), but 
also inferred by human action (invasive species, climate extremes, pollution, 
burning). For example, Dublin et al. (1990) showed how a single fi re-event can 
change a woodland  into a grassland dominated system. Furthermore, they 
showed that repeated fi res could keep the system in that state, but also without 
fi re, herbivores were able to keep the grassland in that alternative state. 
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Loop sorting: gradual change in loop dominance
Change in ecosystem state or autocatalytic loop dominance does not always 
occur abrupt as with critical transitions, but can also be a gradual process. We 
suggest the term loop sorting for this, the change in relative dominance of 
coexisting autocatalytic loops within an ecosystem, analogous to the concept 
of species sorting across gradients (Leibold et al. 2004), but for higher levels 
of organization. An example of loop sorting comes from the well-studied 
Serengeti-Mara-ecosystem. This area has a history of infrequent extreme 
perturbations that provides useful information to understand regulatory 
processes in the system (Sinclair et al. 2007). The Serengeti woodlands were 
a herbivore-dominated ecosystem until the rinderpest outbreak in the 
1960’s. The decimation of the herbivore populations (especially wildebeest 
and buffalo) due to this disease resulted in a fire-dominated system with 
the percentage of vegetation area burned increasing to over 80% (Sinclair 
et al. 2007, 2008). However, herbivores recovered slowly with increasing 
numbers in the subsequent 20 years and thereby decreasing the percentage 
area burned, changing the ecosystem back into a herbivore-dominated 
system. Similarly, loop sorting may explain gradual or more sudden ecotone 
transitions across main climatic gradients. 

Future perspectives: implications of ecological 
autocatalysis

Towards a generalized theory of autocatalytic loops?
Throughout this paper we reviewed the importance of ecological 
autocatalysis as a key internal driver of ecosystem organization. Furthermore, 
we emphasized that the concept of autocatalytic sets of species roots in 
biochemistry and systems biology (Morowitz et al. 2000; Lincoln & Joyce 
2009; Giri & Jain 2012). This suggests possible generality of autocatalytic 
sets as a driving force of structure across all levels of biological organization 
(Gadgil & Kulkarni 2009). As Hordijk et al. (2012) suggest: “if collections of 
molecules and chemical reactions between them can form autocatalytic sets, 
can we consider a complete cell as and (emergent) autocatalytic set? And, 
speculating a bit further, can autocatalytic set of cells form organs that in turn 
form individuals, populations, communities and ecosystems”. These “nested 
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autocatalytic sets” can stabilize higher level structures, even with relative 
low catalytic strength, suggesting statistical or thermodynamic favor over 
alternative configurations (Giri & Jain 2012). 

Ecosystem stability
The presence of multiple energy and nutrient pathways has been suggested to 
contribute to food web stability (Yodzis 1981; De Ruiter, Neutel & Moore 1995; 
Neutel et al. 2002; Rooney et al. 2006) as they provide alternatives for energy 
and nutrient flow if a certain pathway goes extinct within an ecosystem. 
Furthermore, much work has been conducted to investigate the effect of 
trophic interactions with these pathways on ecosystem stability. Some authors 
stress the importance of weak trophic interactions (McCann, Hastings & Huxel 
1998; Neutel et al. 2002), while others argue that strong trophic interactions 
(De Ruiter et al. 1995) or a combination of both (Paine 1992) are important to 
stabilize food webs. However, non-trophic interactions between organisms are 
greatly overlooked in this debate on ecosystem stability and might provide an 
important contribution to the theoretical challenges faced (Goudard & Loreau 
2008; Olff et al. 2009; Kéfi et al. 2012).
The framework of autocatalytic sets of species suggests a contrasting 
hypothesis in which strong non-trophic interactions at the bottom of the food 
web can stabilize ecosystems. The commensalistic nature of autocatalytic 
loops dampens oscillations between consumers and resources through the 
lack of a strong negative feedback from consumer to resource, which has 
been shown to decrease stability (McCann et al. 1998). However, the main 
outcome mainly depends on whether the overall positive indirect effect of 
consumer on resource outweighs the overall negative direct feedback effect. 
For strict non-trophic interactions (nutrient uptake by plants and microbial 
decomposition of detritus) this seems plausible since the consumer does not 
negatively affect the production of its resource (so the indirect positive effect 
is always greater). However, in the case of grazing of plants by large herbivores 
or grazing of microbes by soil fauna this is not necessarily the case. Grazing 
optimization hypothesis suggests increased resource productivity under 
intermediate grazing levels with empirical evidence from several natural 
ecosystems (McNaughton 1979, 1985; Paige & Whitham 1987; Hik & Jefferies 
1990), suggesting that the indirect positive effect of consumer on resource 
outweighs the direct negative effect. Conversely, human-induced changes in 
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herbivore population might induce overgrazing (Oesterheld & McNaughton 
1991; Briske 1993; Jefferies, Rockwell & Abraham 2004), suggesting that in 
those situations the negative effects override the positive indirect effects, 
resulting in ecosystem instability and potential collapse. In the latter case, 
autocatalysis is no longer apparent, and the system switches to an alternative 
stable state. Altogether, these studies provide evidence for our claim that 
non-trophic interactions and positive feedbacks should be incorporate in 
studies on food web and ecosystem stability (e.g. Brown et al. 2004) and the 
importance of the balance between positive and negative interactions. 

Ecological autocatalysis and eco-evolutionary feedback
Ecosystems are referred to as complex adaptive systems because their 
macroscopic properties such as patterns of nutrient and biomass flux, diversity-
productivity relationships, or trophic structure, emerge from local, small-scale 
interaction where interactions structures reflect self-organization (Levin 1998; 
Morowitz 2002). More importantly, the resulting macroscopic properties 
may feedback as a selective force to lower levels of organization and affect 
its future development, since these higher level structures are a large part of 
the environment of an evolving organism (Kauffman 1993; Odling-Smee et al. 
2003; Hoelzer, Smith & Pepper 2006; Hastings et al. 2007; Matthews et al. 2014). 
Therefore, self-organization and natural selection should be seen as processes 
that interact across levels of organization (figure 2). Autocatalytic sets of species 
are an example of an ecosystem-level macroscopic property. They “create” 
the environmental conditions that each species in the loop encounters, and 
hence shape the course of natural selection, while changing the role different 
species may play in an autocatalytic loop, and hence for future environmental 
conditions encountered by each of them.
To grasp the complexity of interacting levels of organization of living 
systems represents a major challenge, but yet might provide the key to 
understanding ecosystem organization. Agents competing with each other 
at one level of organization often have enforcing interactions at the next 
level of organization. The general focus of the study of these interactions 
has been strongly on the species level, e.g., by studying direct negative 
(competition) and positive (facilitation or mutualism) interactions. However, 
at higher levels of organization more diffuse and indirect positive and 
negative interactions are found (Hay et al. 2004). The historic focus on pairwise 
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interactions has obscured the importance of higher level interactions, but 
these dynamic indirect interactions can strongly affect ecosystem processes 
and organization, (Berlow 1999), finally shaping the environment conditions 
that drive evolutionary dynamics.
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Abstract

Large herbivores play a key-role in creating spatial heterogeneity through 
the formation of grazing lawns. Recent research suggests that the currently 
accepted nutrient-based theory on the formation of these grazing lawns 
cannot universally explain their formation in all ecosystems where they are 
found. We developed and investigated an alternative hypothesis on grazing 
lawn formation and maintenance based on herbivore effects on the plant-
soil water balance.  We propose that large herbivores change the soil water 
balance in grazing lawns through defoliation and soil compaction, causing a 
shift in vegetation composition towards a drought tolerant plant community. 
Investigating this idea in a tropical savanna, we indeed found profound 
differences in grazing lawn soil properties and water balance. In particular, 
defoliation increased soil temperatures and potential evaporation rates while 
soil compaction increased bulk density and decreased water infiltration rates, 
especially on fine-textured soils. Soil moisture was therefore generally much 
lower in grazing lawns than in adjacent bunch grass areas. Furthermore, we 
found that grazing lawn species show drought-tolerant traits, with higher leaf 
sodium levels, suggesting evolutionary adaptation to these herbivore-induced 
dry conditions. However, leaf water potentials did not differ between grazing 
lawn and bunch grass species.
This study shows that large herbivores might form grazing lawns through 
previously underestimated effects on water balance. Thus, future studies on 
large herbivore effects on vegetation should increasingly focus on additional 
pathways of soil compaction and defoliation. While nutrient-based processes 
driving grazing lawn formation may operate during the wet season in savannas, 
we suggest that water balance-based processes are additionally important 
during the dry season. 
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Introduction

In grasslands, large herbivores play a key-role in creating spatial heterogeneity 
through the formation of grazing lawns (McNaughton 1984). Grazing lawns 
persist in many different ecosystems and their importance for plant-herbivore 
interactions and as biodiversity hotspots has been widely shown (Bell 
1971; Coppock et al. 1983; McNaughton 1984; Person et al. 2003). They are 
characterized by high productivity and different plant species composition; 
with higher abundances of nutrient- and mineral-rich species that form 
keystone resources for grazing herbivores (McNaughton 1979, 1984; Augustine, 
McNaughton & Frank 2003). Grazing lawns have been shown to arise as a result 
of a positive feedback between grazing lawn grasses and grazing herbivores 
(McNaughton 1984). A strong history of research in the mechanisms of this 
feedback has firmly established the prevailing idea that grazing lawn grasses 
are more grazing tolerant and require more nutrients than bunch grasses 
and therefore persist under heavily grazed circumstances. The high nutrient 
content of grazing lawn above-ground tissues is thought to result from three 
main processes (Fig. 1): 
(1) compensatory growth of plants keeps shoots in a physiologically young 
active stage (McNaughton 1976; Hik & Jefferies 1990; McNaughton et al. 1997a; 
Ruess et al. 1997) and increases nutrient uptake per unit of root mass as a result 
of increased photosynthetic input (Ruess, McNaughton & Coughenour 1983; 
Coughenour et al. 1990; Coughenour 1991),
(2) increased plant nutrient availability through local deposition of urine and 
dung (McNaughton 1979; Detling & Painter 1983; Ruess & McNaughton 1984; 
Holland & Detling 1990; Frank & McNaughton 1993; McNaughton et al. 1997b; 
Frank & Groffman 1998; Augustine et al. 2003), 
(3) promotion of litter quality through dominance of high-quality species, 
and this litter is decomposed faster, increasing soil nutrient turnover (Wedin & 
Tilman 1990, 1996; Grime et al. 1996; Olofsson & Oksanen 2002; Sjogersten, van 
der Wal & Woodin 2012). 
The enhanced tissue nutrient concentrations of grazing lawn plants promotes 
repeated return of grazing herbivores, potentially resulting in a positive 
feedback between large grazing herbivores and nutrient-rich lawn grasses: 
both groups promote each other. On the other hand, low quality bunch grasses 
dominate on less nutrient-rich spots, which stay nutrient poor as the herbivores 
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are deterred by the low tissue nutrient concentrations of the dominant plants. 
This nutrient-based mechanism has been proposed to explain why mosaics of 
bunch and lawn grasses are found in many grazing ecosystems, with locally 
higher grazer densities in lawn grass areas than bunch grass areas (McNaughton 
1984; Augustine et al. 2003).

Fig. 1. Overview of the influence of large herbivores on grass nutritional quality (adapted with 
permission from Schrama et al. 2013). The diagram shows five main pathways by which herbivores affect 
grass nutritional quality. Pathways 1,2 and 3 encompass the current accepted nutrient-based theory: 1) 
increased N-mineralization through defecation, 2) compensatory growth after defoliation and 3) 
increased litter quality through changes in plant community composition towards grazing-tolerant 
highly nutritious grass species. Pathways 4 and 5 are investigated in this study and operate in semi-arid 
systems through changes in water balance: 4) decreased vegetation cover through defoliation increases 
soil temperature and bare soil evaporation and 5) soil compaction decreases water infiltration. Together, 
pathways 4 and 5 decrease soil moisture which in turn increases grass nutritional quality, since plant 
adaptations to reduce evaporative water loss also reduces photosynthetic carbon fixation. This results 
in changes in plant carbon to nutrient ratios (Breman & Dewit 1983; Olff et al. 2002).
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Although this theory is generally accepted and supported by previous work, 
a number of studies suggest that these three processes (compensatory 
growth, increased nutrient addition and enhanced litter quality) alone cannot 
explain grazing lawn formation in all grazing ecosystems where these typical 
vegetation structures are found: 
1) When grown without defoliation under similar conditions, grazing lawn 
species from both the Serengeti (Tanzania) and Hluhluwe-iMfolozi (South 
Africa) also contain higher foliar nutrient concentration than bunch grass 
species, and both groups show increased nutrient levels after defoliation 
(Anderson et al. 2013). Therefore compensatory growth is not the only process 
explaining increased nutrient levels in grazing lawn species, although it could 
be seen as an additional effect to increase plant nutritional quality 
2) Positive, non-significant and negative feedback effects of large herbivores 
on nitrogen cycling have also been reported (e.g. van Wijnen, van der Wal & 
Bakker 1999; Bakker et al. 2004; Stock, Bond & van de Vijver 2010; Schrama et 
al. 2012b), indicating that other processes may play a role in the formation and 
maintenance of grazing lawns than just enhanced nutrient cycling (Schrama et 
al. 2013b). However, while several studies report the deceleration of nitrogen 
cycling in grazing lawns under herbivory (Schrama et al. 2013b) lower plant 
nutrient concentrations are not reported despite reductions in N mineralization. 
Hence, an alternative explanation is required for increased plant nitrogen 
concentrations in grazing lawns than promotion of N mineralization. 
3) The nutrient based theory on grazing lawn formation predicts a shift in 
community composition based on the assumption that lawn grasses are more 
tolerant to defoliation. Recently, a test of this underlying assumption under 
controlled laboratory conditions showed no difference between grazing lawn 
and bunch grass species in tolerance to defoliation (Anderson et al. 2013). 

Coughenour (1985) indicates that grazing lawn species have traits associated 
with drought tolerance, like basal meristems, small stature, below-ground 
nutrient reserves and rapid growth. Interestingly, these very same traits enable 
plants to withstand grazing (Milchunas, Sala & Lauenroth 1988; Augustine & 
McNaughton 1998). Both water limiting conditions and high grazing pressure 
provides selection pressure for plants to evolve tolerance of loss of plant 
organs (Milchunas et al. 1988) and therefore it has been hypothesized that 
tolerance to grazing and survival in semi-arid conditions have evolved together 
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(Coughenour 1985). Furthermore, drought tolerance can be physiologically 
achieved by osmotic adjustment, e.g. through accumulation of sodium in 
the plant vacuoles (Jennings 1968; Girma & Krieg 1992; Gaxiola et al. 2001; 
Bartlett, Scoffoni & Sack 2012), as this increases plant turgor and plant water 
potential through higher osmotic potential differences between the plant and 
its direct surroundings (leaf boundary layer, rhizosphere). Lawn grasses have 
been shown to contain high levels of sodium which in turn is very attractive 
to large herbivores that are often sodium deficient in grazing ecosystems 
(Belovsky 1981; McNaughton 1988; Tracy & McNaughton 1995; McDowell 
1997). In addition, plant adaptations to reduce evaporative water loss also 
reduces photosynthetic carbon fixation. This results in changes in plant carbon 
to nutrient ratios (Breman & Dewit 1983; Olff, Ritchie & Prins 2002), that could 
explain the high nutrient concentrations found in grazed areas. 

In this study, we therefore propose and investigate an alternative hypothesis 
on grazing lawn formation by large herbivores that is based on changes in 
plant water availability instead of nutrient cycling, resulting in an alternative 
feedback loop with a central emphasis on water balance. We suggest that 
herbivores not only modify nutrient dynamics but also the local water balance 
via different mechanisms, which can be grouped into two additional categories 
of herbivore-induced vegetation changes: (4) vegetation impacts and (5) 
trampling effects (Fig 1.):
(4) Defoliation by herbivores opens up the vegetation and therefore decreases 
vegetation cover and increase the exposure of bare soil. Vegetation cover tends 
to reduce evaporation rates by shading the soil and reducing wind velocity 
(Thurow 1991). Therefore, removal of above-ground biomass may strongly 
increase soil evaporation and temperature, especially in tropical ecosystems 
with high solar radiation, potentially reducing soil water availability for plants. 
Furthermore, decreased above-ground biomass reduces soil organic matter 
content, which is an important factor in aggregate formation and stability 
(Thurow 1991). Reduced soil aggregation strongly affects macroporosity, with 
reduced infiltration rates and soil water content in poorly aggregated soils 
(Allison 1973). This may explain why vegetation cover in semi-arid ecosystems 
is a good predictor of infiltration capacity (Rietkerk & van de Koppel 1997).
Defoliation could also affect soil water condition indirectly through an 
alteration of vegetation transpiration demands. Transpiration may be 
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reduced, if defoliation reduces leaf area. However, grazing-induced enhanced 
transpiration is also possible as a result of increased photosynthetic rates, due 
to increased leaf N, increased light, younger leaf age and reduced feedback 
inhibition (McNaughton 1979; Coughenour, McNaughton & Wallace 1984). 
(5) Trampling by large herbivores is known to have profound effects on soil 
physical conditions via soil compaction (Pietola, Horn & Yli-Halla 2005; Bilotta, 
Brazier & Haygarth 2007; Batey 2009). Compaction-induced changes in (semi-) 
arid ecosystems include a decrease in pore size (Kim et al. 2010), a reduced 
water holding capacity (Lipiec & Hatano 2003; Pietola et al. 2005; Batey 2009), 
reduced infiltration rates (Hamza & Anderson 2005), an increased surface run-
off (Batey 2009) and a reduced aggregate stability (Knoll & Hopkins 1959). 
These mechanisms can create locally dry soil conditions in grazed areas as a 
result of reduced soil water availability through above-ground removal of 
vegetation and soil compaction by large herbivores. In turn, this can promote 
dominance of plant species with adaptations to drought, such as plant sodium 
accumulation and increased water use efficiency, which make these species 
very attractive to large herbivores. Altogether, this results in an alternative 
feedback loop with a central emphasis on water balance (Fig. 1, right side).

Two important factors affecting soil moisture and water balance in addition 
to herbivory are rainfall and soil texture. Rainfall sets the boundary condition 
how much water is available for infiltration in the first place. Furthermore, the 
effect of soil compaction is dependent on soil texture, with fine-textured soils 
being more sensitive to compaction than coarse-textured soils (Van Haveren 
1983), and high-clay soils having naturally less water infiltration capacity under 
semi-arid conditions than sandy soils (Rietkerk et al. 2000, 2002b). Therefore 
it is expected that effects of grazers on the plant-soil water balance change 
across gradient of soil texture and rainfall.

Unfortunately, there are currently substantial differences in terminology in 
the literature on grazing lawn formation (e.g. lawn grasses vs short grasses; 
grazing lawns vs hotspots) and it is therefore crucial to clarify and position our 
terminology to put our study into context. We do so by describing the three 
successive processes involved in grazing lawn formation: 
(1) The first step is a concentration of high herbivore densities in specific areas, 
possibly mediated by edaphic factors as high soil fertility and low rainfall 
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(Archibald 2008; Cromsigt & Olff 2008; Anderson et al. 2010), landscape features 
attractive to herbivores like water holes, wallows and rubbing posts (Cromsigt 
& Olff 2008), local fire events (Archibald et al. 2005; Archibald 2008) or risk-
driven factors (Anderson et al. 2010; Hopcraft, Olff & Sinclair 2010).
(2) Once herbivores are aggregated local feedbacks can arise between soil 
and vegetation characteristics, and herbivore abundance (Fig 1.) that change 
nutrient and water availability, and in turn affect plant physiology. This 
results in short-grazed grasses with higher plant quality and high herbivore 
concentrations, often referred to as grazing hotspots. Nevertheless, this could 
merely be a result of phenotypic plasticity and does not necessarily involve a 
change in plant species composition (Arnold, Anderson & Holdo 2014).
(3) When these feedbacks are strong and persistent enough over time this might 
catalyze a turnover in plant species composition towards herbivore-induced 
stress adapted vegetation, possibly mediated by specific local environmental 
conditions (rainfall, geological grain size). These lawn-forming species have 
specific traits associated with herbivore-induced stress, as basal meristems, 
small stature, below-ground nutrient reserves, stolons/rhizomes and rapid 
growth (Coughenour 1985). 
Here we chose to study the effect of water balance in this last situation (different 
plant communities), since we expect that if the hypothesized pathways are 
present, we are most likely to find evidence here. Therefore, as a first attempt to 
investigate our water-balance hypothesis we compared water balance related 
features on grazing lawns and adjacent bunch grass areas. Consequently, when 
referring to grazing lawns we mean a different plant community with specific 
traits as outlined above. 

The objectives of this study were to investigate (i) how grazing lawns differ in 
soil physical conditions (compaction, water infiltration) compared to adjacent 
bunch grass areas, (ii) how these differences in soil physical factors play out 
over gradients of soil texture and rainfall and (iii) how these changes in water 
balance correlate to plant physiological responses. 
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Materials and methods

Study site and sampling design
Hluhluwe-iMfolozi Park is a diverse reserve of 96,000 ha in Kwazulu-Natal, 
South Africa. The park is characterized by a strong north south elevation 
gradient ranging from 584m to 38m. Mean annual rainfall ranges from 500 
to 900 mm, mainly driven by altitude (Balfour & Howison 2002). Most rainfall 
falls between October and March. Annual daily temperatures range from 
13°C to 35°C. Vegetation types range from open grasslands to closed Acacia 
and broad-leaved woodlands . The park hosts a variety and relatively high 
biomass of herbivores (Waldram et al. 2008; Cromsigt et al. 2009). The park is 
characterized by its high heterogeneity with grazing lawns ranging between 
a few square meters to several of hectares that alternate with tall grasslands 
dominated by bunch/tussock forming species. Most abundant grazing lawn 
species are Sporobolus nitens, Digiteria longiflora and Urochloa mosambicensus 
and tall bunch grass communities are dominated of Themeda triandra, Panicum 
maximum and Sporobolus pyramydalis. The geology of the park is complex and 
heterogeneous at small scales. Alluvial, dolerite, sandstone, shale and tillite 
parent material are present, resulting in soils ranging from very sandy to very 
clayey (King 1970).
We selected 24 study sites throughout the park that were separated at least 
225 m, with a largest distance between sites of 31.1 km. Site selection was 
based on the amount of annual rainfall and on parent material (shale, dolerite, 
or sandstone) based on geology maps of the park. These parent materials differ 
in soil texture with increasing geological grain size from shale to dolorite to 
sandstone, so as to obtain independent gradients of both rainfall and parent 
material texture. At every site we chose three replicate plots of 10x10 meter, 
representative for the area. At each replicate we selected a lawn grass part and 
a bunch grass part, when present. Measurements were taken in the dry season 
(June-July) and in the wet season (November-January) of 2010. 

Rainfall
To create a rainfall map for HiP, rain gauge data from seventeen weather 
stations was used (mostly on different locations than the study plots), 
containing rainfall data from 2001 to 2007. For this, we calculated the rainfall 
for each month separately. Then the average amounts of rainfall per month of 
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all twelve months were summed to get an average amount of rainfall per year. 
Subsequently a linear regression model was run with elevation as the predictor 
variable and rain gauge value as the dependent variable, because rainfall 
strongly depends on elevation (Balfour & Howison 2002). The residuals at each 
weather station were calculated and an interpolated map of the residuals was 
made using Kriging in ArcGIS Spatial Analyst, with output cell size 182.41m, 
and 12 a point neighborhood (ESRI 2011). This gave the hypothetical map 
of the regional rainfall gradient in the absence of topography. The final map 
was calculated for each cell as: Estimated rainfall = 576.4495 + 0.2313 * digital 
elevation model + local interpolated residual rainfall. Subsequently, spatial 
coordinates of each site were used to extract interpolated estimates of rainfall 
from the map.  

Texture
Soil samples (ca. 150g) were collected (see “Pore volume” for collection 
details) at every replicate plot in the field in June 2010 and taken back to the 
Netherlands for a soil texture analysis at the Netherlands Institute for Sea 
Research, Texel. Soil samples were dried at 105 °C for up to 96 hours till dry. In 
order to determine the geological grain size distribution of the soil samples, 
organic matter and carbonate were removed from the samples. This was done 
by putting between 0.5 and 5 grams, depending on the estimated geological 
grain size, of homogenized sample over a 2 mm sieve, in 50 ml PP centrifuge 
tubes. 15 ml of reversed osmosis (RO) water, 15 ml of 0.5 M HCl and 12 ml of H2O2 
was added. The tubes were left overnight at 80 °C to speed up the degradation 
of organic matter. Afterwards the tubes were centrifuged for 5 minutes at 3000 
rpm using a ThermoScientific SL40 centrifuge. The supernatant was removed 
using a vacuum pump. Next, 35 ml of RO water together with 2.2 ml sodium 
pyrophosphate (44.6 g.l-1) was added to prevent flocculation. The tubes were 
vigorously shaken with a vortex mixer for 1 minute after which they were left on 
a GFL 3015 shaking machine for 10 minutes. Next the tubes were centrifuged 
for 15 minutes at 3000 rpm. Most of the supernatant was removed using a 
vacuum pump and after a second run on the vortex mixer for 30 seconds, the 
samples were flushed in a 13 ml PP Autosampler tube using RO water. Median 
geological grain size of soils was determined using a Coulter LS 13 320 particle 
size analyzer and Autosampler. This machine measures particle sizes in the 
range of 0.04–2,000 Fm in 126 size classes, using laser diffraction (750 nm) and 
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PIDS (450 nm, 600 nm and 900 nm) technology (McCave & Syvitski 1991). The 
optical module ‘Gray’ was used for the calculations.

Vegetation height
During the (wet) growing season, average height of both vegetation types 
(lawn and bunch) was measured for each replicate at each site.

Soil temperature
Soil temperature was measured for each site at one of the replicates in both 
vegetation types using Termochron® iButton® DS1921G temperature loggers 
(Maxim Integrated Products Inc.). The iButtons® were placed in the soil at a 
depth of 10 cm. Temperatures were logged every day at 13.00pm throughout 
the wet season study period. Temperatures were not measured during the dry 
season.

Potential soil evaporation
Potential soil evaporation was estimated during the dry season, with potential 
soil evaporation defined as the decrease in soil moisture over time after 
experimental water addition.  At 15 sites, three replicates of soil moisture 
gypsum blocks (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands) 
were buried 10 cm below the soil surface in both lawn and bunch grass 
areas, thereby minimally disturbing the soil during the burial process. Soil 
gypsum blocks were chosen over more standard lysimeters to assure minimal 
disturbance of field soil conditions. Furthermore, gypsum blocks were found 
to sufficiently meet the requirements of this study, in which the main interest 
was to estimate relative speed of soil water loss instead of actual water 
availability to plants. Nevertheless, it is impossible to differentiate between 
soil evaporation or root uptake using gypsum blocks. However, if root uptake 
would be substantial (which is not expected in the middle of the dry season 
when plants are in a dormant state), the outcome would probably counteract 
our expectations, since bunch grasses are expected to have higher root uptake 
due to more extensive root systems and higher rate of stomatal conduction 
and transpiration. 
Soil moisture content was determined by measuring the resistance between 
two electrodes inside the gypsum blocks. Values range on an arbitrary scale 
from 0 to 100 increasing with soil water availability. Gypsum blocks were 
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left in the field for three days to allow the blocks to synchronize with soil 
moisture. Soil moisture was measured with an Eijkelkamp 14.22 Soil Moisture 
Meter® and all replicates at all sites showed values of 0, indicating soil 
moisture levels below the detectible minimum of this method. Then 2 liters 
of water was added to ensure complete saturation of the gypsum block and 
surrounding soil. Subsequently for five days in a row decrease in soil moisture 
was measured and this decrease was used as a relative estimate for potential 
evaporation rate. No rainfall was recorded for those days. This method was 
not used in the wet season due to differences in soil moisture between sites 
and frequent rainfall events.

Pore volume
During both the wet and the dry season we measured bulk density as a proxy 
for pore volume, as pore volume decreases with bulk density. At every site 3 soil 
samples were taken both in lawn and bunch grass areas. The challenging soil 
conditions (rock-hard dry soil) in the dry season restricted the used of standard 
methods like pF rings, since soil disturbance greatly affects measurement 
accuracy. Therefore, a simple alternative method was used based on Archimedes’ 
principle (Head 1980). A pick (dry season) or spade (wet season) was used to 
break open the soil after which intact blocks of soil with undisturbed physical 
structure (ca. 5x5x5 cm.) were taken back to the research station. Plant parts 
were clipped from the sample when present and pre-dried weight of the 
soil block was measured. The volume of the soil block was then determined 
by putting the samples in a glass cylinder filled with water, correcting for the 
amount of water taken up by the soil sample (difference in cylinder water level 
before the soil was added and after it was removed). Without this correction 
pore volume would be underestimated since air-filled pore space is replaced 
by water-filled pore space, reducing the estimated volume of the sample. Then 
the samples were oven dried for 48 hours at 105°C and weighed again. Bulk 
density (g/cm3) was calculated as soil sample dry weight divided by original 
intact volume. Subsequently, samples were transported to the Netherlands for 
texture analysis.

Water infiltration
During both the dry and wet season, maximum infiltration rates were 
measured at each site with a single replicate for lawn and bunch grass areas. 
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A double-ring infiltrometer (Bower 1986) was used with inner and outer rings 
of 15 and 30 cm in diameter, respectively. Steel rings were inserted into the 
soil parallel to the measurement surface to a depth of 30mm. The rings were 
filled with water to a height of eight centimeters. The drop in water level in the 
inner compartment was recorded with time (mm/min). Water level in the outer 
ring was maintained level with the inner ring to account for boundary effects. 
Maximum time for each measurement was 90 min. 
Infiltration rate was calculated as the drop in water level in centimeters per 
unit time, with a 1 cm/h drop corresponding to an infiltration rate of 10 mm 
water/m2/h. Infiltration rates generally decrease with time until it reaches 
a continuous rate when the soil is saturated with water. Therefore, natural 
differences in soil moisture will affect initial infiltration rates and only 
continuous rates of infiltration are reported to account for the variation in soil 
moisture at the start of the infiltration measurement. Consequently, infiltration 
measurements in the wet season that did not reach a continuous infiltration 
rate were excluded from the analysis. Nevertheless, for the dry season it was 
practically impossible to reach a continuous infiltration rate due to extremely 
low soil moisture. However, natural differences in soil moisture between lawn 
and bunch grass soils were very low during the dry season (Table 1) and we 
therefore used log-transformed infiltrations rates of the initial measurements 
instead of continuous infiltration rates. 

Soil water availability
During the dry season soil water content was determined in combination 
with the bulk density measurements. Soil water content was calculated using 
soil pre-dried (FW) and dry weight (DW) as:  . However, in the wet 
season this method was not applicable due to high fluctuations in soil moisture 
following rainfall events. Therefore soil moisture was repetitively measured for 
each site at one of the replicates for the lawn and the bunch grass area, using 
gypsum blocks. Gypsum blocks were fully soaked after which they were placed 
in the soil at a depth of 10cm. First measurements were taken three days after 
burying the gypsum blocks assuming they had synchronized with the soil by 
that time. Sites were measured every week on the same day across sites during 
the wet season of the study period. 
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Table 1. Generalized Linear Mixed-Effect Model results from various soil and vegetation parameters 
from African lawn and bunch grass areas (vegetation type) measured at 24 sites in Hluhluwe-iMfolozi 
Park (site was used as random factor)

Season Parameter Lawn Bunch Vegetation type
Dry Potential soil evaporation 

index (% )
1.468 ± 0.068 1.095 ± 0.087 F1,29 = 30.563, 

P < 0.0001
Dry Bulk density (g/ml) 1.462 ±  0.019 1.315 ± 0.026 F1,54 = 58.242, 

P < 0.0001
Dry Log infiltration (mm/min) -1.108 ± 0.231 0.736 ± 0.300 F1,18 = 63.531, 

P < 0.0001
Dry Soil moisture (g/g soil) 0.064 ± 0.002 0.072 ± 0.008 F1,54 = 8.374, 

P = 0.0055
Wet Vegetation height (cm) 6.000 ± 1.363 28.68 ± 1.484 F1,71 = 276.7, 

P < 0.0001
Wet Soil temperature (°C) 32.15 ± 0.766 27.07 ± 0.626 F1,21 = 44.118, 

P < 0.0001
Wet Penetration depth (cm) 1.976 ± 0.148 3.499 ± 0.284 F1,63 = 105.7, 

P < 0.0001
Wet Log infiltration (mm/min) -1.113 ± 0.389 0.111 ±0.278 F1,26= 9.900, 

P = 0.0041
Wet Bulk density (g/ml) 1.107 ± 0.022 1.026 ± 0.024 F1,62 = 13.74, 

P < 0.0001
Wet  Soil moisture (kΩ)  48.21 ± 2.833 54.38 ± 2.934 F = 4.746, 

P = 0.0297

Plant leaf water potentials
Plant leaf water potentials were measured for 6 common species at 7 sites 
across the rainfall gradient between November 15 and January 13 (wet season); 
Panicum maximum, Eragrostis curvula, Eragrostis superba, Themeda triandra, 
Urochloa mosambicensis and Sporobolus nitens. Measurements were taken 
between 11.00 and 13.00, standardizing for midday measurements. Pre-dawn 
leaf water potentials are often preferred over midday leaf water potentials due 
to lower variability caused by environmental conditions as day temperature, 
cloudiness etc.. However, it was practically impossible to measure pre-dawn leaf 
water potentials in a game reserve including dangerous animals like elephant, 
lion and leopard, simply because of the exposed risk of the researchers. Water 
potential was measured through use of a pressure chamber instrument (PMS 
Instrument Company), model 1000. Time between cutting of leaf and insertion 
in the pressure chamber was kept as short as possible. Leaves were pressurized 
to a pressure of 40 bar, or until glistening was seen on the cut edge. To enhance 
recognition of leaf moisture, the edge was illuminated. Three measurements 
were taken for each species at every site. 
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Leaf sodium content
The three most abundant species of both grass types (lawn and bunch) were 
identified at each replicate and leaves were collected, dried and transported for 
sodium analysis in the lab, as an indicator for plant osmotic adjustment. There, 
vegetation samples were dried again at a temperature of 70°C and ground with 
a Foss Cyclotec grinder from with a sieve of 2 mm. After grinding, the samples 
were dried again for at least 2 hours at 70°C and stored in a desiccator. Max. 0.5 
g sample was destructed with 8 ml 65% HNO3 in a tube with Teflon inliner by 
pressurized microwave digestion using a CEM discover SPD (CEM Corporation, 
North Carolina, USA). After diluting the sample to 100 ml, leaf sodium content 
was measured by Atomic Absorption Spectrophotometry, using a Varian 
Spectra 220 FS. Measurements were optimized with 1% CsCl (Temminghoff & 
Houba 2004).

Data analyses
First we analyzed differences between lawn and bunch grasses areas irrespective 
of differences in rainfall and soil texture. We used Generalized Linear Mixed 
Models (GLMM) to deal with the nested design (spatial pseudoreplication), 
measurements over time (temporal pseudoreplication) and non-linear behavior 
of response variables. Water infiltration rates for both dry and wet season 
and dry season potential evaporation rates were determined fitting linear 
models for each measurement with time as the predictor. These infiltration 
and potential evaporation rates were used for further analyses. We compared 
dry and wet season water infiltration rates, dry season potential evaporation 
rates, dry season soil moisture content and bulk density and wet season 
penetration depth, vegetation height, plant sodium content and leaf water 
potential between vegetation types using a GLMM, with full models containing 
vegetation type as a fixed factor and site as random effect. Wet season soil 
temperature and soil moisture content were compared between growth forms 
using GLMMs with full models containing vegetation type as a fixed factor and 
site and time as random effects to deal with temporal pseudoreplication.
Species used for analysis of plant sodium concentrations constitute the 
most dominant lawn species Urochloa mosambicensis, Sporobolus nitens, 
Dactylocteneum australis and Digitaria longiflora and bunch grass species 
Eragrostis curvula, Eragrostis superba, Panicum maximum, Themeda triandra and 
Sporobolus pyramidalis.
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For leaf water potential Sporobolus nitens and Urochloa mosambicensus were 
categorized as lawn grass species, while Themeda triandra, Eragrostic curvula, 
Eragrostis superba and Panicum maximum were classified as bunch grass 
species.
Secondly, we analyzed the effect of soil texture and rainfall on soil physical 
conditions related to soil compaction between vegetation types, i.e. bulk 
density and infiltration rate. To avoid spatial pseudoreplication we averaged 
measurements of the replicates for all parameters, resulting in an average value 
for each vegetation type per site. To analyze soil texture, we constructed linear 
models with the full models containing vegetation type, geological grain size 
and their interaction effects. To analyze rainfall, we used the same models as for 
soil texture, using rainfall instead of geological grain size as a predictor. Model 
selection was done using backwards stepwise removal of non-significant fixed 
effects.

Results

Soil physical conditions
First we investigated differences between lawn and bunch grass areas 
irrespective of differences in rainfall and soil texture. During the dry season, 
water evaporated significantly faster in grazing lawns than in bunch grasslands: 
approximately 90% of the water added to dry soil was evaporated in lawn 
grasslands after 2 days, while it took circa 3.5 days before the same amount 
evaporated in bunch grasslands (Table 1). Bulk densities were significantly 
higher for soils from grazing lawns than from bunch grasslands in both dry and 
wet season, with the largest difference found in the dry season (Table 1). Water 
infiltration rates were on average twice as high in bunch grasslands than in lawn 
grass areas during the wet season, but this difference increased to more than 
10 times for dry season infiltration rates (Table 1). Furthermore infiltration rate 
significantly decreased with bulk density for the dry season (LMM: F1,16=11.5, 
P<0.01), and for the wet season (LMM: F1,25=5.66, P<0.05). All observations 
were used for these analyses, without separation between lawn and bunch 
areas, and thus showing a general pattern between infiltration rate and bulk 
density. Dry season soil moisture content was significantly higher in bunch 
grasslands than in lawn grasslands (Table 1). Also wet season soil moisture 
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was significantly higher in bunch grasslands than in lawn grasslands (Table 1). 
During the wet season, vegetation height was found to be significantly lower 
on grazing lawns than on bunch grass areas (Table 1). Furthermore, wet season 
daytime soil temperatures were on average 2.8°C higher in lawn grasslands 
than in bunch grasslands (Table 1). Wet season daytime soil temperature 
decreased significantly with an increase in vegetation height (GLMM: F1,38=6.47, 
P<0.05). Again, all data points were used for these analyses, without separation 
between lawn and bunch areas, thus showing general relationships between 
soil temperature and vegetation height. 
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Fig. 2. Bulk densities of lawn grass (black triangles, black line) and bunch grass soils (open circles, dotted 
line) explained by median geological grain size and rainfall for wet and dry season measurements. 
Horizontal lines represent average bulk densities of non-significant correlations, while diagonal lines 
represent significant correlations from Generalized Linear Mixed-Effect Models (see “Methods”).
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Soil texture

Median geological soil grain size values ranged from 11µm to 244µm across 
the sites (see Table S1 in supporting information). Furthermore, we found no 
correlation between rainfall and geological grain size (LMM: F1,22=0.86, P=0.36). 
To investigate the effect of soil texture on grazing lawn formation through soil 
compaction we first evaluated the effect of geological grain size on differences 
in bulk density and infiltration rate between lawn and bunch grass soils 
(pathway 5 in Fig. 1). Bulk density increased with geological grain size for 

0 50 100 150 200 250

−4
−2

0
2

4

Median soil texture (grain size)

In
fil

tra
tio

n 
ra

te
 (m

m
/m

in
)

Lawn

Bunch

Dry season

500 550 600 650 700 750

−4
−2

0
2

4

Rainfall (mm/year)

In
fil

tra
tio

n 
ra

te
 (m

m
/m

in
))

Dry season

0 50 100 150 200 250

−2
−1

0
1

2

Median soil texture (grain size)

In
fil

tra
tio

n 
ra

te
 (m

m
/m

in
)

Wet season

500 550 600 650 700 750

−2
−1

0
1

2

Rainfall (mm/year)

In
fil

tra
tio

n 
ra

te
 (m

m
/m

in
))

Wet season

Fig. 3. Infiltration rates in lawn grass (black triangles, solid lines) and bunch grass soils (open circles, 
dashed lines) explained by median geological grain size and rainfall for wet and dry season 
measurements. Horizontal lines represent average infiltration rates of non-significant correlations, while 
diagonal lines represent significant correlations from Generalized Linear Mixed-Effect Models (see 
“Methods”).
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bunch grass areas for both dry (LM: F1,21= 8.01, P=0.01; Fig. 2) and wet season 
(LM: F1,21= 4.60, P<0.05)  in contrast with lawn grass areas where bulk density 
remained constant (dry: LM: F1,16=1.4, P=0.25; wet: LM: F1,16= 2.93, P=0.11).
Furthermore, Fig. 3 shows how dry season infiltration rate decreased with 
geological grain size for bunch grass areas (LM: F1,21=5.08, P<0.05), while for 
lawn grass areas we found no significant effect of geological grain size (LM: 
F1,16=0.53, P=0.47). Results for wet season infiltration rates were different in 
comparison with dry season with a significant increase of infiltration rate for 
lawn grasses (LM: F1,15=5.57, P<0.05) , but not for bunch grasses (LM: F1,18=1.14, 
P=0.30). However, for both seasons the largest difference in infiltration rate was 
found for fine textured soils. 

Rainfall
Annual rainfall ranged from 524 mm to 715 mm between the driest and wettest 
sites in this study. Figure 2 shows that annual rainfall did not affect bulk density 
in either season for neither lawn grass areas (dry: LM: F1,16=1.52, P=0.23; wet: 
LM: F1,16=0.06, P=0.81) and bunch grasses areas (dry: LM: F1,21=0.06, P=0.81; wet: 
LM: F1,21=0.03, P=0.86). However, infiltration rates were correlated with rainfall. 
Dry season infiltration rates (Fig. 3) decreased with rainfall for lawn grass areas 
(LM: F1,16=4.80, P<0.05), but not for bunch grass areas (LM: F1,21=0.02, P=0.90). 
For the wet season we found the same pattern with decreasing infiltration rates 
for lawn grass areas (LM: F1,15=5.96, P<0.05), but not for bunch grass areas (LM: 
F1,18=0.18, P=0.67).

Plant physiological adaptations
Vegetation types differed significantly in their ecophysiological characteristics. 
Leaf sodium content was significantly higher on average for lawn grasses than 
bunch grasses (LMM: F1,86= 127.6, P<0.0001). Especially the grazing lawn species 
Urochloa mosambicensis and Sporobolus nitens that are more prevalent towards 
low rainfall areas have high leaf sodium concentrations (Fig. 4). Digitaria 
longiflora, a grazing lawn species typically found at higher rainfall areas relative 
to Urochloa mosambicensis and Sporobolus nitens  showed intermediate leaf 
sodium concentrations, but still higher than for most bunch grasses. 
Leaf water potential was not significantly different between lawn grass and 
bunch grass species (LMM: F1,29= 2.326, P=0.13). On average, lawn grass water 
potential was 0.30 MPa lower than for bunch grasses. However, large interspecific 
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differences were found (Table 2). Themeda triandra and Sporobolus nitens, were 
found to have the lowest leaf water potentials followed by Eragrostis curvula, 
Urochloa mosambicencus and Eragrostis superba. Panicum maximum had the 
highest water potentials measured. 

 

Fig. 4. Leaf sodium concentrations for the most dominant lawn and bunch grass species. Samples were 
taken across 24 sites. Number of samples taken per species are denoted above each boxplot. Letters 
indicate whether means significantly differ from each other (Tukey”s test, P <0.05).

Table 2. Leaf water potentials (mean ± std) for six most dominant grass species (lawn and bunch) at 
seven selected sites that covered the rainfall gradient

Vegetation type Species Waterpotential (MPa)  
(mean ± std)  

Bunch Themeda triandra -2.37 ± 1.18
Lawn Sporobolus nitens -2.21 ± 1.04
Bunch Eragrostis curvula -1.89 ± 0.42
Lawn Urochloa mosambicensus -1.75 ± 1.16
Bunch Eragrostis superba -1.62 ± 0.69
Bunch Panicum maximum -1.14 ± 0.21

 
Discussion

The objective of this study was to investigate the hypothesis that grazer 
effects on plant-soil water balance can explain grazing lawn formation, not 
only grazer effects on nutrient cycling. We suggested that grazers induce 
drought causing a shift in vegetation composition towards a drought 
tolerant plant community, which then becomes secondarily attractive to 
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herbivores through various physiological mechanisms. In a first attempt to 
find evidence for this hypothesis, we compared soil physical conditions and 
plant physiological adaptations related to water balance on and off grazing 
lawns. Indeed we found that the grazing lawns of Hluhluwe-iMfolozi Park, 
that are known for their high herbivore visitation rates, showed profound 
differences in soil properties and soil water balance. In particular, bulk density, 
soil moisture, water infiltration and potential evaporation rates were very 
different between grazing lawns and bunch grass areas. Concomitant with 
these changes, we found that plant species characteristic for grazing lawns 
show drought-tolerance related traits, specifically higher leaf sodium levels 
(pointing at osmotic compensation). However, we did not find differences in 
leaf water potentials. We interpret this as evidence that our newly proposed 
pathway of grazer-plant-soil feedback through modification of the water 
balance, (pathway 4 and 5 in Fig. 1), might be more important for grazing 
lawn formation than previously acknowledged.

Importance of defoliation
Investigating the relation between vegetation height and soil parameters, we 
found that grazing lawns had lower vegetation height compared with bunch 
grass areas. Furthermore, soil temperature and bare soil potential evaporation 
were both found to be significantly higher on grazing lawns. Soil temperature 
decreased with vegetation height, suggesting direct effects of defoliation 
on soil temperature. Unfortunately we could not correlate potential soil 
evaporation rate with soil temperature because these measurements were 
taken in a different season. However, Campbell (1971) did show that potential 
soil evaporation strongly depends on soil temperature. In combination with 
our results this shows that vegetation cover reduces soil temperature and 
potentially affects soil evaporation rates. This strongly suggests that defoliation 
increased water limitation stress by warming up the soil, which is in agreement 
with findings by Thurow (1991).

Importance of soil compaction
Secondly, we predicted higher bulk densities and lower infiltration rates 
for lawn grass areas as a result of soil compaction caused by herbivore 
trampling. Indeed, we found that bulk density was higher for grazing 
lawns compared with nearby bunch grass areas. This is in agreement 
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with an earlier study by Kim et al. (2010) that used a medical CT scanner 
to analyze compacted and non-compacted soil, where compaction by 
grazers was found to decrease pore volume by 69%. Also, we found lower 
infiltration rates for lawn grass areas compared to bunch grass areas and 
this was directly related to differences in soil bulk density. Studies from 
agricultural research also show that increased bulk densities due to soil 
compaction results in reduced infiltration rates (Hamza & Anderson 2005). 
Furthermore, several studies on the effects of grazing/trampling on bulk 
densities and infiltration rates find similar results (Gifford & Hawkins 1978; 
McGinty, Smeins & Merrill 1979; McCalla, Blackburn & Merrill 1984; Belsky 
1986; Thurow, Blackburn & Taylor 1986; Warren et al. 1986a; b; Mwendera 
& Saleem 1997; Castellano & Valone 2007; Du Toit, Snyman & Malan 2009). 
Trampling increases soil bulk density, decreases water infiltration rates and 
increases surface water run-off, resulting in drier conditions. 

Role of rainfall and soil texture
We expected that the effect of soil compaction would be largest on fine-
textured soil, because the fraction of small pores becomes much larger in 
fine-textured soils (Van der Linden et al. 1989; Rasiah & Kay 1998). We indeed 
observed that the differences in bulk density and infiltration rate between 
lawn and bunch grass areas decreased with geological grain size. Therefore 
the effect of soil compaction on soil properties such as bulk density and 
infiltration rate was highest on fine-textured soils. This can be explained 
by the fact that fine textured soils tend to have better potential structural 
organization. Soil structure is determined by the degree to which soil particles 
are held together in individual clusters, termed aggregates (Thurow 1991), 
which are often created by soil macrofauna such as earthworms. Aggregate 
stability increases with percentage clay (Kemper & Koch 1966; Throeh & 
Thompson 2005) and therefore fine textured soils have a higher potential soil 
structure, higher pore volume and lower bulk densities. However, trampling 
by grazing animals mechanically disrupts soil aggregates and reduces 
aggregate stability (Knoll & Hopkins 1959; Beckmann & Smith 1974; Thurow 
1991), as visualized in Fig. 5. Warren et al. (1986a) showed in an agricultural 
dryland setting that repeated high-intensity trampling decreased aggregate 
stability and increased bulk density which in turn reduced infiltration rates 
and increased surface runoff. This corresponds with the results from our study, 
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where the largest effect of soil compaction is found at finer textures, because 
of the greatest change in soil structure. These results suggest that the relative 
importance of soil compaction in grazing lawn formation is highest with fine 
textures, while at coarse textured soils other pathways (related to nutrient 
cycling) could be more important (pathways 1,2 and 4, Fig. 1). 

Fig. 5. Soil structure for fine and coarse textured soils, both for undisturbed and compacted soils. I. Fine 
particles form soil aggregates, providing a good soil structure. Macropore size is large, resulting in high 
infiltration. II. Coarse textured soils do not form aggregates. Soil structure is poor. However, because of 
the large particles, macropore size is still relatively high. Infiltration rates are intermediate. III. Due to 
compaction soil structure has broken down. Small particles are closely bound together and pore size is 
small. Infiltration rates are low. IV. Compaction has not much effect on coarse textured soils. Soil 
structure is poor. Infiltration rates are intermediate. 

Plant responses
We expected that differences in water balance and soil properties would be 
related to differences in plant species traits through species sorting at the 
community level. Indeed, our results show physiological differences between 
lawn and bunch grasses, specifically in leaf sodium concentrations. Leaf 
sodium concentrations were much higher for lawn grass species than bunch 
grass species, consistent with other studies (McNaughton 1988; Verweij et al. 
2006; Stock et al. 2010). Increased leaf sodium concentrations have often been 
attributed to local inherent soil differences (lawns forming on naturally sodic 
soils). Nevertheless, McNaughton (1988) found increased levels of foliar sodium 
concentrations in heavily grazed areas while soil sodium concentrations 
were not different between grazing lawns and surrounding bunch grasses, 
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suggesting that these differences do not merely reflect soil salinity differences. 
Furthermore, our plots were paired and close to each other (2 to 5 metres) with 
no differences in soil texture or elevation between the plots, making it unlikely 
that predisposed differences in soil sodium contents existed. Also, the observed 
differences between lawn and bunch grasses in tissue sodium concentration 
were retained under common greenhouse conditions (H. Olff, unpubl. results). 
Therefore, although we cannot directly link these increased leaf sodium 
concentrations to decreased water availability due to the correlative nature of 
our study, it does fit our hypothesis and strengthens our claim that osmotic 
adjustment should be considered.
Furthermore, plant water potentials did not differ between grazing lawn and 
bunch grass species. Large intra-specific differences were found resulting in 
high standard deviations, which is likely affected by the use of mid-day water 
potential measurements. Furthermore, this is caused by spatial and temporal 
variation, since leaf water potentials were measured at different sites and on 
different days. Interestingly, the bunch grass species Themeda triandra showed 
the lowest waterpotentials. This species often occurs on grazed patches in 
the Serengeti (Arnold et al. 2014) and is known for its relatively high level of 
phenotypic plasticity and tolerance to grazing.  

In this study we have highlighted two previously overlooked effects of grazing 
by large herbivores on vegetation. We investigated two additional pathways and 
showed high correlations between herbivore grazed areas (grazing lawns) and 
local dry conditions through decreased vegetation cover and soil compaction. 
These additional pathways may be complementary to the prevailing pathways 
on nutrient cycling and we therefore urge to incorporate all pathways into 
future studies. Also, different mechanisms may dominate in different seasons, 
where herbivore-induced drought is a dry season mechanism, and herbivore-
promoted nutrient cycling is likely more a wet season phenomenon. As 
soon as some process initiates herbivores to aggregate (as discussed in the 
introduction), multiple feedback mechanism start to take place. Subsequently, 
plant quality can increase through phenotypic plasticity of existing species or 
species turnover. However, this can be a result of either pathway. For example, 
Arnold et al. (2014) found improved plant quality in hotspots in Serengeti and 
Kruger National Park, without profound changes in plant composition, nor 
differences in soil chemistry. This suggests that not increased nutrient input, 
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but compensatory growth or the pathways related to water balance might 
have improved plant quality (through phenotypic plasticity).
We suggest that the processes described in this study are more general 
and could play an important role in grazing lawn formation in ecosystems 
worldwide. However, the importance of the different pathways (Fig. 1) are 
expected to vary across gradients of geological grain size, moisture and 
between seasons. On the dry end of the rainfall gradient (this study), defoliation 
and soil compaction might induce drought stress and increase plant quality 
to herbivores through increased foliar sodium levels. However, in very wet 
systems soil compaction might create anoxic conditions, limiting plant growth 
through a different mechanism. Schrama et al. (2013b) suggests that for very 
dry and wet soils soil compaction by grazing herbivores results in negative 
feedback on N-mineralization, with an increased effect on fine-textured soils. 
We argue that especially under conditions where grazing lawn formation was 
not accompanied by a change in N cycling our alternative pathways could play 
an important role in creating stressful environments and adapted vegetation 
which in turn is attractive for large herbivores. 
Lastly, soil compaction can affect N-mineralization (Schrama et al. 2012b), which 
may result in interactive effects between the pathways. Also, grazing lawn 
formation through feedbacks on water availability can secondarily promote 
nutrient cycling through grazer attraction or vice versa, which makes it difficult 
to distinguish the effects of these processes. Our study should be seen as a first 
investigation and has shown that we should consider the proposed alternative 
pathways on grazing lawn formation through changes in water balance. We 
therefore call for further work that experimentally investigates the causes and 
effects and separates the relative importance of, and interactions between the 
different pathways of the grazing lawn hypothesis along main environmental 
gradients. 
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Supporting Information

Table S1. Detailed texture information of the soil samples  

Site Grass type Replicate %Clay %Silt %Sand Mean grain Median grain Soil classification
size (µm) size (µm)

1 Bunch 1 12.6 37.0 50.4 119.7 63.8 loam
1 Bunch 2 7.4 31.1 61.4 204.3 123.5 sandy loam
1 Bunch 3 8.0 29.9 62.0 213.5 109.2 sandy loam
1 Lawn 1 11.4 65.1 23.5 67.1 14.1 silt loam
1 Lawn 2 5.6 24.7 69.6 266.4 157.2 sandy loam
1 Lawn 3 7.4 33.0 59.5 163.7 89.4 sandy loam
2 Bunch 1 8.5 32.1 59.3 194.7 98.9 sandy loam
2 Bunch 2 11.2 32.9 55.9 177.2 88.9 sandy loam
2 Bunch 3 9.5 45.9 44.5 127.4 41.1 loam
2 Lawn 1 8.1 31.4 60.4 193.4 99.6 sandy loam
2 Lawn 2 9.7 33.8 56.4 165.0 88.6 sandy loam
2 Lawn 3 10.4 33.2 56.4 152.0 87.8 sandy loam
3 Bunch 1 16.8 38.8 44.4 104.7 44.9 loam
3 Bunch 2 15.1 33.9 51.0 133.0 67.2 loam
3 Bunch 3 13.7 33.6 52.7 143.7 75.3 sandy loam
3 Lawn 1 14.8 30.2 55.0 127.5 85.2 sandy loam
3 Lawn 2 10.1 22.6 67.3 203.7 141.8 sandy loam
3 Lawn 3 14.0 32.4 53.6 141.9 80.6 sandy loam
4 Bunch 1 14.1 46.6 39.3 132.3 32.8 loam
4 Bunch 2 18.7 55.9 25.4 69.8 17.3 silt loam
4 Bunch 3 16.0 53.6 30.4 83.6 23.0 silt loam
4 Lawn 1 13.8 46.4 39.8 151.7 34.0 loam
4 Lawn 2 18.0 54.5 27.5 78.6 19.1 silt loam
4 Lawn 3 7.2 19.8 72.9 177.9 148.1 sandy loam
5 Bunch 1 8.8 23.0 68.1 177.6 131.5 sandy loam
5 Bunch 2 11.7 28.1 60.2 144.3 105.1 sandy loam
5 Bunch 3 7.3 20.2 72.4 187.9 146.1 sandy loam
5 Lawn 1 3.4 12.1 84.5 269.5 196.5 loamy sand
5 Lawn 2 16.6 37.6 45.8 106.0 46.2 loam
5 Lawn 3 15.7 51.9 32.4 96.4 24.4 silt loam
6 Bunch 1 NA NA NA NA NA NA
6 Bunch 2 NA NA NA NA NA NA
6 Bunch 3 NA NA NA NA NA NA
6 Lawn 1 8.7 22.6 68.6 180.4 119.5 sandy loam
6 Lawn 2 NA NA NA NA NA NA
6 Lawn 3 NA NA NA NA NA NA
7 Bunch 1 14.5 37.7 47.8 126.8 55.4 loam
7 Bunch 2 11.3 29.6 59.1 154.4 93.5 sandy loam
7 Bunch 3 14.2 29.9 55.9 142.2 87.5 sandy loam
7 Lawn 1 NA NA NA NA NA NA
7 Lawn 2 NA NA NA NA NA NA
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Site Grass type Replicate %Clay %Silt %Sand Mean grain Median grain Soil classification
size (µm) size (µm)

7 Lawn 3 NA NA NA NA NA NA
8 Bunch 1 6.2 19.1 74.6 238.5 167.0 sandy loam
8 Bunch 2 5.9 19.5 74.5 219.2 162.7 sandy loam
8 Bunch 3 6.6 21.3 72.0 263.9 167.5 sandy loam
8 Lawn 1 6.9 19.4 73.6 233.5 159.1 sandy loam
8 Lawn 2 7.0 20.3 72.6 260.2 180.1 sandy loam
8 Lawn 3 6.3 19.6 74.0 233.3 161.6 sandy loam
9 Bunch 1 3.6 11.9 84.4 294.0 219.8 loamy sand
9 Bunch 2 4.0 16.5 79.4 243.0 176.3 loamy sand
9 Bunch 3 3.9 14.4 81.7 260.1 200.3 loamy sand
9 Lawn 1 30.4 56.4 13.2 32.3 6.3 silty clay loam
9 Lawn 2 4.5 17.0 78.4 236.4 160.8 loamy sand
9 Lawn 3 4.0 12.3 83.6 271.9 231.0 loamy sand
10 Bunch 1 16.7 44.1 39.2 123.7 33.1 loam
10 Bunch 2 18.5 45.4 36.1 119.4 26.3 loam
10 Bunch 3 21.7 42.9 35.4 95.5 23.7 loam
10 Lawn 1 15.1 42.1 42.8 148.8 40.5 loam
10 Lawn 2 20.5 42.7 36.8 116.2 26.1 loam
10 Lawn 3 20.6 47.5 31.9 95.2 14.9 loam
11 Bunch 1 8.2 21.3 70.4 150.8 120.3 sandy loam
11 Bunch 2 10.4 24.6 65.0 141.8 108.8 sandy loam
11 Bunch 3 9.2 24.3 66.4 150.7 114.5 sandy loam
12 Bunch 1 16.3 38.4 45.3 103.6 49.2 loam
12 Bunch 2 19.1 43.8 37.1 84.8 24.5 loam
12 Bunch 3 16.0 53.1 30.9 81.4 15.2 silt loam
12 Lawn 1 14.8 43.3 41.9 96.4 37.2 loam
12 Lawn 2 20.5 38.6 40.9 93.0 33.2 loam
12 Lawn 3 17.1 50.6 32.3 72.7 16.1 silt loam
13 Bunch 1 NA NA NA NA NA NA
13 Bunch 2 6.2 21.2 72.5 220.1 148.0 sandy loam
13 Bunch 3 7.6 21.3 71.0 221.9 164.6 sandy loam
14 Bunch 1 12.9 28.9 58.2 137.7 101.5 sandy loam
14 Bunch 2 14.2 32.4 53.4 121.5 80.0 sandy loam
14 Bunch 3 13.8 30.9 55.3 131.0 89.7 sandy loam
15 Bunch 1 10.5 67.7 21.8 59.9 11.6 silt loam
15 Bunch 2 8.9 68.6 22.4 57.4 17.5 silt loam
15 Bunch 3 15.3 66.0 18.7 39.2 9.6 silt loam
16 Bunch 1 20.7 48.4 30.9 77.8 12.8 loam
16 Bunch 2 18.5 55.8 25.7 68.0 9.2 silt loam
16 Bunch 3 16.7 37.5 45.8 136.5 48.8 loam
16 Lawn 1 9.9 23.5 66.5 172.4 119.5 sandy loam
16 Lawn 2 16.5 59.8 23.7 76.8 9.4 silt loam
16 Lawn 3 12.5 53.2 34.3 119.9 16.9 silt loam
17 Bunch 1 7.1 28.1 64.7 179.1 124.0 sandy loam

Table S1. Continued
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Site Grass type Replicate %Clay %Silt %Sand Mean grain Median grain Soil classification
size (µm) size (µm)

17 Bunch 2 8.2 32.3 59.4 165.7 98.6 sandy loam
17 Bunch 3 5.4 19.9 74.7 202.8 157.6 sandy loam
17 Lawn 1 9.5 37.4 53.0 161.5 75.5 sandy loam
17 Lawn 2 NA NA NA NA NA NA
17 Lawn 3 6.2 20.9 72.8 198.5 146.9 sandy loam
18 Bunch 1 7.6 27.9 64.4 279.7 162.1 sandy loam
18 Bunch 2 NA NA NA NA NA NA
18 Bunch 3 8.3 30.5 61.1 207.5 124.6 sandy loam
19 Bunch 1 6.5 22.7 70.7 183.5 127.3 sandy loam
19 Bunch 2 6.7 21.1 72.1 181.2 135.8 sandy loam
19 Bunch 3 6.3 19.7 73.9 196.3 143.2 sandy loam
19 Lawn 1 6.4 23.6 69.9 163.9 123.9 sandy loam
19 Lawn 2 6.4 20.4 73.1 190.2 135.9 sandy loam
19 Lawn 3 8.5 24.8 66.6 204.7 129.8 sandy loam
20 Bunch 1 3.9 15.6 80.4 280.0 226.9 loamy sand
20 Bunch 2 4.5 15.3 80.2 255.9 225.1 loamy sand
20 Bunch 3 3.6 13.5 82.8 346.3 280.6 loamy sand
20 Lawn 1 5.0 18.0 76.9 252.5 193.9 loamy sand
20 Lawn 2 4.3 14.9 80.7 280.3 237.0 loamy sand
20 Lawn 3 4.2 16.2 79.5 319.2 247.6 loamy sand
21 Bunch 1 12.9 37.0 50.1 158.3 63.4 loam
21 Bunch 2 15.0 38.8 46.2 138.3 50.3 loam
21 Bunch 3 13.7 37.9 48.4 164.3 57.0 loam
21 Lawn 1 15.3 37.3 47.4 131.9 54.9 loam
21 Lawn 2 12.8 34.7 52.5 189.6 72.8 loam
21 Lawn 3 13.2 40.5 46.3 148.6 49.5 loam
22 Bunch 1 7.9 22.6 69.4 272.4 162.1 sandy loam
22 Bunch 2 10.1 27.1 62.8 231.3 130.0 sandy loam
22 Bunch 3 6.8 23.5 69.6 248.3 154.8 sandy loam
22 Lawn 1 18.4 49.6 32.0 82.2 12.1 loam
22 Lawn 2 8.6 23.6 67.7 257.0 161.1 sandy loam
22 Lawn 3 5.7 18.9 75.3 312.8 221.7 sandy loam
23 Bunch 1 10.5 29.3 60.2 226.3 108.6 sandy loam
23 Bunch 2 9.5 25.2 65.2 182.2 113.8 sandy loam
23 Bunch 3 11.5 35.4 53.1 146.8 69.5 sandy loam
23 Lawn 1 8.5 20.9 70.5 223.8 144.8 sandy loam
23 Lawn 2 12.0 22.3 65.7 198.0 132.6 sandy loam
23 Lawn 3 9.5 23.5 66.9 192.8 125.8 sandy loam
24 Bunch 1 18.2 55.0 26.8 64.5 8.8 silt loam
24 Bunch 2 13.5 55.1 31.4 84.5 15.6 silt loam
24 Bunch 3 18.5 44.9 36.6 107.4 15.3 loam
24 Lawn 1 8.6 23.7 67.6 281.3 158.6 sandy loam
24 Lawn 2 13.2 45.4 41.4 150.7 25.9 loam
24 Lawn 3 16.6 52.9 30.5 94.7 12.9 silt loam

Table S1. Continued
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Abstract

Territorial or resting behavior of large herbivores can cause strong local 
deposits of dung, in different places than where they graze. In contrast, dung 
beetles and other macrodetritivores, can re-disperse nutrients away from such 
dung aggregations. The resulting long-term interplay between aggregative 
and dispersive nutrient movements at the landscape scale may be key in 
determining the heterogeneity and hence functioning of grazing ecosystems. 
In an African savanna, with alternating patches of lawn and bunch grasses, we 
studied nutrient aggregation and redistribution by different large herbivore 
species and dung beetles for a full growing season. We used movable cages 
at five sites to quantify herbivore consumption rates and measured nutrient 
return through biweekly dung counts. Furthermore, we estimated the offtake 
of N by the dominant megagrazer (white rhinoceros) to middens. Last, we 
experimentally measured the removal amount and movement paths of 
telocoprid dung beetles to quantify their nutrient redistribution effects. 
We found white rhinoceros (megagrazer) to cause a disproportionately 
large export of nutrients from grazing areas towards dung deposition points 
(middens) resulting in negative nutrient budgets for both lawn and bunch 
grasslands. Mesograzers realized a net nutrient input towards high forage 
quality lawn grasslands at the expense of lower quality bunch grasslands. 
Browsers caused a net flow from trees/shrubs towards grassland, but this 
effect was neutralized by grazing herbivores that defecated similar amounts 
of nutrient in woody patches. Furthermore, dung-rolling beetles had a relative 
small, but significant, directed movement from lawn to bunch grasslands. We 
conclude that these within-ecosystem nutrient redistributions by an interplay 
of vertebrate and invertebrate animals are important, and hence should be 
taken into account in savanna nutrient cycling studies (e.g. on the importance 
of atmospheric N deposition or biological N fixation).
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Introduction

The spatial redistribution of nutrients by large herbivores has been identified 
as an important potential mechanism to increase the spatial heterogeneity in 
plant nutrient availability in terrestrial ecosystems (Steinauer & Collins 1995; 
Augustine & Frank 2001). The most important direct effects of large herbivores 
likely follow from local removal of nutrients through ingestion of plant  
material across the landscape and concentrating it at specific locations by dung 
deposition, thereby locally strongly increasing nutrient availability (Steinauer  
& Collins 1995; Augustine & Frank 2001; Wolf, Doughty & Malhi 2013). The  
potential magnitude of this effect is best exemplified by the highly increased 
levels of soil nutrients in corrals, as a result of overnight containment of 
livestock to protect against predation (Augustine 2003; van der Waal et al. 
2011; Veblen 2012; Fox et al. 2015). However, few studies have quantified both 
nutrient offtake (ingestion) and return (faecal deposition) by large herbivores 
in natural ecosystems that are both needed to determine the magnitude 
of spatial redistribution of nutrients (but see Frank & McNaughton 1992; 
Augustine 2003). This calls for a structured approach in which the different 
types of nutrient aggregation and dispersion are quantified. 
African savannas are well-known for their high biomass of large mammalian 
herbivores, that exert strong effects on ecosystem functioning (Scholes & 
Archer 1997). So far, three lateral flows of nutrients by large herbivores in African 
savannas have gained some support (Fig 1). 1) First, browsing herbivores 
deposit dung and urine in open areas and hence transport nutrients from 
woodland to grassland sites (Sitters et al. 2015). 2A) Second, grazing herbivores 
cause a net N input in nutrient-rich and net N loss from nutrient-poor sites, due 
to the different amounts of time spent in each habitat type, increasing spatial 
heterogeneity in soil and plant nutrients across the landscape (Augustine 
2003). 2B) Furthermore, shady conditions beneath canopy of woody species 
can be used by grazing herbivores as a resting place during the heath of the day, 
that concurrently produce feces, which may result in a net nutrient flow from 
grasslands to woody patches (Dean, Milton & Jeltsch 1999; Treydte, Riginos & 
Jeltsch 2010). We here extend this emerging framework with two additional 
potentially important nutrient flows that we hypothesize to be important in 
understanding spatial dynamics of nutrients in African savannas.

39806 Veldhuis, Michiel.indd   67 14-04-16   15:44



Chapter 4

68

4

3) The two extant pure-grass megagrazers, white rhinoceros (Ceratotherium 
simum) and hippopotamus (Hippopotamus amphibius), are both known to feed 
in different areas as where they defecate. Due to their large body size, both 
species are insensitive to predation and can afford to have strong daily routines, 
always grazing and defecating in the same place. Hippos make daily feeding 
migrations between more upland savanna grasslands where they forage and 
aquatic systems (rivers, wetlands, lakes) where they rest. It is estimated that 
half of their excretion/egestion enters these aquatic ecosystem, causing major 
redistribution of nutrients from terrestrial into the aquatic systems (Subalusky 
et al. 2015). White rhinos defecate in middens, where the associated scent 
marking functions as part of their territorial behavior (Owen-Smith 1971). 
As far as we know, the importance of nutrient export into middens by white 
rhinoceroses has not yet been quantified. Nevertheless, scaling law-derived 
estimates show that larger animals play a disproportionate large role in the 
horizontal transfer of nutrients across the landscape (Doughty, Wolf & Malhi 
2013; Wolf et al. 2013), suggesting an important role of megagrazers in this. 
4) Some groups of macrodetritivores, such as termites and dung beetles, play 
an important role in dung decomposition and hence nutrient mineralization 
(Freymann et al. 2008). Moreover, the clades of telocoprid dung beetles 
redistribute freshly produced dung of large herbivores (Davis 1996) and could 
therefore have an important effect on nutrient heterogeneity and cycling. 
Although previous work suggests that dung beetles (Davis 1996; Nichols et al. 
2008) and termites (Freymann et al. 2008) can remove large amounts of dung in 
short amounts of time, the magnitude and direction of this post-depositional 
dung dispersal remains unclear.
Here, we investigated the amounts of nitrogen removed from the grass layer in 
a vegetation mosaic (of lawn and bunch grass types) for a full growing season 
using movable large herbivore exclusion cages. We focused on nitrogen since 
we found the savanna grass layer to be relatively more limited by nitrogen than 
phosphorus (Chapter 5). We subsequently quantified the nutrient return by large 
herbivores through biweekly dung counts at the same sites and estimated N 
return from dung and urine deposition using conversion values from literature. 
We estimated the offtake of N by the dominant mega-grazer (white rhinoceros) 
by calculating the deviations from power-law scaling relationships between 
dung counts and metabolic biomass densities of large herbivores. Last, we 
performed a dung removal experiment in which we quantified the amount of 
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dung removed by telocoprid dung beetles and tracked the movement of those 
beetles and their dung balls to determine burial location to investigate the 
occurrence of directional displacement of dung. When put together, with these 
measurements, we were able to quantify the eff ect of browsers, mesograzers, 
white rhino and dung beetles on the redistribution of nutrients throughout the 
ecosystem outlined in Fig 1.

Fig. 1. Overview of the hypothesized horizontal nutrient fl ows between vegetation types and dung 
deposition points for 4 diff erent functional groups of animals. 1) Browsing herbivores consume nutrients 
from woody species and deposit urine and dung below trees or redistribute them to grasslands. 2) 
Grazers consume nutrients from grasses and redistribute them below woody species or within the grass 
layer through dung and urine deposition. Within grasslands they have been shown to redistribute 
nutrients from nutrient-poor areas towards nutrient-rich areas. 3) Megagrazers, rhinoceros and 
hippopotamus, consume grasses and are known to deposit their dung at specifi c deposition points 
(middens, rivers). 4) Dung beetles can redistribute dung after herbivores deposited the dung, possibly 
resulting in fl ows between the vegetation types. 

Materials and methods

This study was performed in Hluhluwe-iMfolozi Park (HiP), a 900 km2 game 
reserve in Kwa-Zulu Natal, South Africa. Vegetation structural types range from 
open grasslands to closed Acacia and broad-leaved woodlands (Whateley & 
Porter 1983). The grassy vegetation is characterized by a high heterogeneity 
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with short grazing lawns ranging between a few square meters to a couple 
of hectares that alternate with tall grasslands dominated by bunch/tussock-
forming species. We selected five sites with relatively similar amount of annual 
rainfall (532-663 mm yr-1), similar soil texture (median particle size of 0.05-0.15 
mm) and woody cover (ranging from 16-37%) (see Table S1 in Supporting 
Information for additional site information). At each site we measured nutrient 
ingestion and dung deposition by large herbivores and dung displacement 
between vegetation types via a dung removal experiment.

Nutrient ingestion
Nutrient ingesting through grazing by large herbivores was quantified using 
movable cages (McNaughton, Milchunas & Frank 1996). On each site, we 
established three iron cages of 1 x 1 x 1 m on both lawn and bunch grass areas. 
Cages were moved every 20 to 42 days for one full growing season between 
September 2013 and May 2014. All grass within the cages was clipped, after 
which their mass was measured and compared with the mass in the control 
plots next to the cages. For more detailed information about the methods 
regarding movable cages see Veldhuis et al. (Chapter 7 of this thesis). All 
clipped biomass samples were labeled and taken back to the laboratory 
where they were dried (48 h at 70 oC), weighed, ground (Foss Cyclotec, 2 mm 
mesh size), stored in small plastic pill bottles and shipped to the University of 
Groningen. Nitrogen (% N) content was estimated using a Bruker near-infrared 
spectrophotometer (NIR, Ettlingen) using a multivariate calibration of foliar 
samples measured both on the NIR and CHNS EA1110 elemental analyzer 
(Carlo-Erba Instruments, Milan). Cross-validation showed these NIR predicted 
N concentrations are highly accurate (R2=95.7, N=1759). The amount of grass 
consumed by herbivores multiplied by their N content was used as estimates 
for nutrient ingestion by large herbivores for each time period (mg m-1 day-1).

Dung counts and dung features
A permanent grid (50mx25m) was set up at each of the five sites consisting 
of 50 squares of 5 by 5 meter. Subsequently, every two weeks a dung count 
was performed within these grids. The amount of dung pellets/piles, herbivore 
species and the vegetation type (lawn grass, bunch grass or woody vegetation) 
on which the dung was dropped were determined for each square. When a 
dung pile was counted, we broke the pellet/pile to avoid repetition two weeks 
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later. Subsequently, to estimate deposited N from our dung count data we 
established a database of pellet/pile dry weight, %N, urine N/dung N ratio, 
grazer and browser index for every herbivore species, based on a literature 
survey (Table S2). Average body masses for all species were taken from Smith et 
al. (2003). Dry weight of individual dung pellet for African elephant (Loxodonta 
africana), giraffe (Giraffa camelopardalis) and warthog (Phacochoerus africanus) 
were obtained from Sitters et al. (2014). Greater kudu (Tragelaphus strepsiceros) 
dung pellets were assumed to weigh similar to giraffe. Dung pile dry weights 
were obtained for African buffalo (Syncerus caffer) from Sitters et al. (2014), 
and for grey duiker (Sylvicapra grimmia), impala (Aepyceros melampus) and 
blue wildebeest (Connochaetes taurinus) from van der Waal et al. (2011). Nyala 
(Tragelaphus angasii) dung pile weight was assumed to be similar to impala 
dung pile weight. White rhinoceros (Ceratotherium simum’ dung pellet and 
complete pile dry weight were determined in the field during this study. 
African buffalo, warthog, blue wildebeest, white rhinoceros and Burchell’s 
zebra were treated as obligate grazers, while grey duiker, giraffe and greater 
kudu assumed to be obligate browsers (Codron & Codron 2009). African 
elephant was seen as mixed feeder (Codron et al. 2011). Impala was considered 
a grazer and nyala a mixed feeder based on stable isotope analyses of faeces in 
the same park that showed over 80% C4 grass signal for impala during the wet 
season and ca. 60% for nyala (Botha & Stock 2005). 
The N content of dung for African buffalo, African elephant, grey duiker, giraffe, 
warthog, blue wildebeast and Burchell’s zebra were taken from Sitters et 
al. (2014).  The N content of dung from impala, greater kudu and nyala were 
obtained from Codron et al. (2007). For white rhinoceros the N content was 
determined through chemical analysis similar to the methods used for grasses 
described above. 
Urine deposition was calculated from dung deposition rates (Frank et al. 1994; 
Augustine 2003). We used the same values for urine N:dung N ratios as Sitters et 
al. (2015) for African buffalo, grey duiker, giraffe, greater kudu, nyala, warthog 
and blue wildebeast. For impala and zebra we used values obtained from 
Augustine et al (2003) for urine N: dung N ratios and for African elephant and 
white rhinoceros we averaged the ratios of the other species. Furthermore, we 
corrected the N return via urine deposition by 25% to account for ammonia 
volatilization (Ruess & McNaughton 1988). 
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Nutrient export by white rhinoceros from grazing areas to middens
We used power-law scaling functions, commonly used to scale biological 
variables to body size (Kleiber 1932; West, Brown & Enquist 1997; Brown et al. 
2004b), to model relationships between total dung produced per day at the 
five sites (g ha-1 day-1) and average metabolic biomass densities (kg0.75 ha-1) for 
the park per species. Body mass for each herbivore species were obtained from 
Smith et al. (2003) and herbivore densities from Ezemvelo KZN Wildlife (Census 
data 2014, unpublished). We constructed 90th quantile linear regression models 
to describe the general pattern between metabolic biomass density and 
(maximum) dung production for all herbivores. Subsequently, model residuals 
were investigated to identify species that deviated from the general pattern 
(lower dung production than expected based on metabolic biomass density) 
between metabolic biomass density and dung production (Table 1). Generally, 
browsers showed higher deviations than grazers, probably because they use 
a slightly different habitat, which is exemplified by the high residuals of nyala 
that is generally found in dense habitats. White rhinoceros was the only grazer 
experiencing remarkably high residuals. We attributed this to the specific 
defecating behaviour of white rhinoceros, depositing dung in their middens, 
resulting in decreased dung production inside our plots. Consequently, we used 
the difference between the actual amount of white rhinoceros dung found in 
our plots and expected based on the constructed power-law scaling functions 
(residuals ± SE (obtained by bootstrapping)) to estimate the percentage of 
dung exported by white rhinoceros. 

Dung removal by telocoprid dung beetles
To determine how much dung is removed by ball-rolling dung beetles and 
whether they exhibit directional movement across vegetation types we 
executed a dung removal experiment. We used white rhinoceros dung as it 
is abundantly available in the park and therefore easily collected. Fresh dung 
was collected from middens at the side of the road in early mornings and two 
8-10 kg (average white rhinoceros dung pile) dung heaps were then made at 
one of our five sites. Ca. 10 g fresh dung was taken to determine fresh to dry 
weight ratio (70°C, 48h). One dung pile was placed straight on the underlying 
vegetation, the second pile was placed on a metal mesh (1 m diameter, 1.4 mm 
mesh size) that was secured to the ground to exclude the transport of dung 
down the soil profile by tunnelling dung beetles. Furthermore, a small control 
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bag (10x3 cm, mesh = 1.4 mm) with 10 g of the same dung was placed inside 
each dung pile to determine dung loss by microbial decomposition. After 
four days, the dung piles and control bags were collected and dried (70°C, 
till dry). Using the fresh to dry weight ratios, mass loss of the dung pile was 
estimated. Dung mass loss of control bags after four days was attributed to 
microbial decomposition and corrected for in subsequent analyses. In total, 
this experiment was replicated 14 times, equivalent to a total of 28 dung piles 
were placed (between 2-12-2013 and 8-2-2014). 

Table 1. List of common herbivores in Hluhluwe-iMfolozi Park, South Africa. For each species the 
feeding type, body mass, metabolic biomass, daily dung production and residuals from 90th quantile 
linear regression power-scaling functions between dung produced and metabolic biomass density  
(Fig. 3) are given. Herbivore densities are not presented whereas densities of white rhinoceros is 
conservation-sensitive information.

Species Scientific name Feeding 
type

Body 
mass 
(kg)

Metabolic 
biomass
(kg0.75)

Dung produced
(g ha-1 day-1)

Residuals

Buffalo Syncerus caffer Grazer 580 118.2 1017.5 0.00
Elephant Loxodonta africana Mixed 3940 497.3 432.7 -0.10
Giraffe Sylvicapra grimmia Browser 900 164.3 23.0 -1.35
Grey duiker Giraffa camelopardalis Browser 19.5 9.3 1.3 -1.81
Impala Aepyceros melampus Grazer 52.5 19.5 199.9 -0.42
Kudu Tragelaphus strepsiceros Browser 213.5 55.9 9.1 -1.41
Nyala Tragelaphus angasii Mixed 86.6 28.4 8.6 -2.69
Warthog Phacochoerus africanus Grazer 82.5 27.4 46.5 -0.84
White rhino Ceratotherium simum Grazer 2950 400.3 124.2 -2.36
Wildebeast Connochaetes taurinus Grazer 180 49.1 52.5   0.00
Zebra Equus burchellii Grazer 276 67.7 76.6 -0.49

After dung piles were placed, telocoprid dung beetles almost immediately 
colonised the dung and started forming dung balls. We followed different 
species of individual dung beetles rolling their ball away from the dung pile 
to a burial location. All followed dung beetles belonged to one of the three 
most dominant telocoprid dung beetle species: Kheper nigroaeneus (n=13), 
Allogymnopleurus chloris (n=20) and Gymnopleurus humanus (n=18) (all 
Coleoptera; Scarabaeidae). We placed small coloured wooden sticks along their 
path every minute without disturbing the beetles, identifying the movement 
path. When the dung beetle had buried its dung ball, the absolute distance (cm) 
to the dung pile was measured with a tape measure and vegetation around 
every wooden stick was recorded (including burial place). Across the five sites, 
a total of 51 dung beetles were followed and observed percentages buried in  
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each vegetation type (lawn grass, bunch grass or woody vegetation) were 
calculated for each site. To determine whether dung beetles randomly buried 
their dung balls or selected for a specific vegetation types, we calculated 
expected (“no selection”) percentages in three different ways. First, we used 
the percentages of vegetation types around the wooden sticks for each dung 
beetle as an expected value, representing the distribution of vegetation types 
that each individual dung beetle encountered. Second, we mapped all three 
vegetation types every meter (up to 15 m) from each dung pile along linear 
transects from the starting point in the eight main compass directions (N, NE, 
E, etc) and calculated the percentage of each vegetation type at the distance of 
burial (n=8) for each individual dung beetle. This would represent the expected 
values when dung beetles would have an optimal burial distance (Janzen 
1970; Connell 1971). Third, we calculated the percentage of each vegetation 
type within this total area of the 15m radius (n=120) and used that as a third 
expected distribution. This way, our three expected values represented different 
assumptions on dung beetles decision making (encounters, optimal distance, 
random) and we could test preferences for a specific vegetation type based on 
each assumption to investigate whether they exhibit directional movement. 

Data analysis 
Basic statistical tests used included Paired t-tests and Pearson chi-squared tests. 
Power-law scaling functions were modeled using quantile regression within 
the “quantreg” package in R (Koenker 2015), with log-transformations of both 
dung production and metabolic biomass densities. All statistical analyses were 
executed in R 3.2.2 (R 2015).

Results

Nutrient ingestion
On average, large herbivores consumed more nitrogen from bunch grassland 
(21.2 ± 2.6 mg m-2 d-1) than from lawn grasslands (17.7 ± 7.2 mg m-2 d-1) over 
our 224 day study period, but this was not significantly different (Fig. 2; Paired 
t-test: t=1.50, df = 4, p = 0.21). 
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Fig. 2. Amounts of nitrogen consumed and returned by large herbivores, overall loss of nutrients and 
estimated export by white rhinoceros for lawn and bunch grasslands.
Significance levels: NS > 0.1,  < 0.1, * < 0.05, ** < 0.01, *** < 0.001.

Fecal return of nutrients by large herbivores
Large herbivores deposited more nitrogen (Paired t-test: t=3.02, df=4, p<0.05) 
on lawn than bunch grasslands (Table 2, Fig. 2). These differences were caused 
by grazing herbivores that deposited significantly more nutrients on lawn than 
bunch grasslands (Paired t-test: N: t=4.87, df=4, p<0.01), whereas browsers 
showed no preferences (Paired t-test: N: t=0.58, df=4, p=0.58). 
Subtracting the amount of nutrients returned from the amount consumed 
resulted in the net nutrient losses. On average, bunch grasslands lost ca. 57% of 
their N (12.1  mg m-2 d-1), whereas lawn grasslands were depleted by about 33% 
(5.7 mg m-2 d-1) and these differences between the grass vegetational types 
were significant (Paired t-test: t=3.17 , df=4, p<0.05). 

Table 2. The amounts of nitrogen (mg m-2 d-1 with standard deviation) deposited in urine and dung 
combined for three different vegetation types at our five sites for grazers, browsers and all herbivores 
together.

N deposition
Grazers Browsers Total

Lawn 10.0 (±3.2) 2.0 (±1.9) 12.0 (±3.8)
Bunch 7.5 (±2.3) 1.7 (±1.1) 9.2 (±2.0)
Tree/shrub 1.2 (±0.6) 0.4 (±0.4) 1.7 (±0.8)
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Furthermore, grazers redistributed about the same amount of nitrogen to 
woody patches as browsers towards grasslands (Table 2; Paired t-test; lawn: 
t=1.04, df=4, p=0.35; bunch: t=1.39, df=4, p=0.23). 

Dung redistribution by white rhinoceros
There was a clear relationship between metabolic biomass densities of 
herbivores and dung production at our sites (Fig. 3). The 90th quantile linear 
regression identifies the maximum dung production expected at our sites for 
each herbivore species. Deviations from this regression (lower dung production 
than expected) were investigated by calculating residuals (Table 1). Grazers 
generally show low residuals (0-0.84), whereas deviations of observed dung 
production by browsers were larger (1.35-2.69). White rhinoceros was the largest 
exception from these general trends, with exceptionally low dung production 
for a grazing herbivore. This deviation of white rhinoceros from the general 
trend was attributed to its specific defecation behavior (dung deposition in 
middens) and used to estimate the magnitude of export flow. Comparison of 
observed dung counts and expectations following our regression, ca. 91.3% (SE: 
86.2%-94.5%) of dung is exported by white rhinoceros, which is equivalent to 
7.9 mg N m-2 d-1 for bunch grasslands and 10.0 mg N m-2 d-1 for lawn grasslands. 

Dung removal by dung beetles
On average, 26.3% of the dung pile was removed by dung beetles within four 
days. No major actors of dung pile removal than dung beetles were observed in 
this initial period. Variation between dung piles was large, ranging from 1% to 
61%. Microbial decomposition over this time interval was negligible and only 
accounted for ca. 2% of dung mass loss. Furthermore, dung piles without mesh 
covering the soil experienced higher removal percentages (30.9%) than dung 
piles with mesh (21.7%) (Paired t-test: t=2.02, df=13, p<0.05), suggesting that 
rolling dung beetles removed ca. 20% and ground-tunneling beetles removed 
ca. 9% of the initial dung pile (after correction of microbial decomposition). 
We followed 51 dung beetles to determine their burial locations, of which 17% 
buried their ball in lawn grasslands, 72% in bunch grasslands and 11% under  
cover of woody species. Dung beetles buried their balls less often than expected 
in lawn grasslands (Fig. 4), when expectations were based on the encountered 
vegetation types along their rolling paths (χ2=6.7, p<0.01) or as encountered at 
a pre-determined burial distance (χ2=11.4, p<0.001), but not when compared 
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Fig. 3. Total dung production at our 5 sites as a function of metabolic biomass densities of the 11 most 
common herbivores in Hluhluwe-iMfolozi Park. Both axes are log-transformed. Axis values are not 
presented whereas densities of white rhinoceros represent conservation-sensitive information. 
Regression line represent 50th and 90th linear quantiles. 

to the % lawn cover in the area in general, although nearly significant (χ2=3.2, 
p=0.07). In contrast, burial of dung balls was higher than expected for bunch 
grasslands, both based on optimal distance (χ2=11.9, p<0.001) and overall % 
bunch grass (χ2=6.8, p<0.01), but not when compared to encounters during 
their walk, although nearly significant (χ2=3.7, p=0.054). The percentage of dung 
balls buried under shrubs or trees did not differ significantly from expected 
values (along paths: χ2=0.3, p=0.60; predetermined distance: χ2=0.001, p=0.96; 
overall vegetation: χ2=1.2, p=0.27).

Overview horizontal nutrient flows
Combining all the acquired information we were able to generate an overall 
overview of horizontal nutrient fluxes by this interplay by large herbivores and 
dung beetles (Fig. 5), with numbers in the subsequent text referring to the 
arrows in this figure. 
1) First, we measured nitrogen depositions by browsers in woody patches, as 
well as in lawn and bunch grasslands (Table 2). 
2) Second, we measured dung deposition rates by grazers in woody patches, 
lawn and bunch grasslands (Table 2). However, our study design did not allow 
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Fig. 4. Observed and expected percentage of times dung beetles buried their dung balls within each 
vegetation type. Error bars indicated standard deviations. Significance levels: NS > 0.1,  < 0.1,* < 0.05, 
** < 0.01, *** < 0.001. 

us to distinguish whether the nitrogen deposited by grazers originated from 
lawn or bunch grasslands. We therefore assumed that flows from lawn and 
bunch grasslands towards woody patches were equal. Furthermore, since 
nitrogen deposition by grazers was higher in lawn than bunch grasslands, 
and nitrogen consumption did not significantly differ between the two grass 
vegetational types (Fig. 2), the overall result is a net nitrogen flow from bunch 
to lawn grasses. We therefore assumed that all dung deposited in bunch 
grasslands originated from the bunch grasslands itself. Consequently, the 
nitrogen flow from bunch to lawn grasslands ranged between 1.2 mg N m-2 d-1 
(assuming most nutrients deposited on lawn grassland also originated from 
lawn grasslands) to 9.9 mg N m-2 d-1 (assuming all deposited nutrients on lawn 
grasslands originated from bunch grasslands). We chose to present the most 
conservative estimate in Fig. 5. 
3) Third, we estimated the amount of export by white rhinoceros towards 
dung deposition points, based on deviations from relationships between dung 
production and metabolic biomass densities of 11 common herbivores. 
4) Finally, we quantified percentage dung removed by telocoprid dung 
beetles (ca. 20%) and showed they exhibit directional movement from lawn 
to bunch grasslands (ca. 28%). Together this yields an estimate of 5.6% of post-
depositional dung dispersal by dung beetles from lawn to bunch grasses.
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Fig. 5. Overview of estimates of horizontal fl ows of nitrogen between diff erent vegetation types and 
dung deposition points for 4 functional groups of animals. Values represent mg m-2 d-1 over a 224 day 
study period (full growing season). Values inside the white boxes represent overall balances per 
vegetation type.

* These estimates of nutrients redistributed by dung beetles follow from generalizations from our 
experiment and validity of these generalization is highly uncertain. Numbers are merely presented to 
obtain an idea of the possible impact.

Discussion

The main objective of this study was to quantify the nutrient aggregation and 
dispersion in this savanna landscape and how this depends on herbivore size 
and feeding strategy (grazers vs. browsers). We found that white rhinoceros 
(megagrazer) had a disproportionately large eff ect exporting nitrogen to 
deposition points, i.e. middens, overriding all other horizontal nitrogen fl ows, 
resulting in large negative nitrogen balances for grasslands. In contrast, dung 
beetles showed smaller eff ects, but nevertheless caused a net fl ow from lawn 
to bunch grasslands. Furthermore, browsers were responsible for a net input 
from shrubs/trees to grasslands, but this eff ect was neutralized by grazers that 
defecated in woody patches. Last, mesograzers enriched nutrient rich lawn 
grasslands at the expense of nutrient poor bunch grasslands. 
Previous studies on megaherbivores have positioned them as drivers of 
ecosystem structure and functioning, exhibiting disproportionately large 
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effects compared to smaller herbivores (Owen-Smith 1988; Waldram et al. 
2008). Recently, Cromsigt et al. (2014) showed empirically that the megagrazer 
white rhinoceros increased vegetation heterogeneity in Kruger National Park. 
Our study provides evidence that white rhinoceros also increases heterogeneity 
of nitrogen availability across the landscape. Subalusky et al. (2015) already 
discussed the important effect of another megagrazer, hippopotamus, on 
horizontal nutrient flows, which together with our study clearly demonstrates 
the large impact of megagrazers on nutrient cycling within African savanna 
ecosystems. However, an important difference between the two megagrazers 
is that hippos redistribute nutrients towards aquatic ecosystems, effectively 
more permanently exporting nutrients from the terrestrial ecoystem. Only in 
downstream floodplains, these nutrients may return to terrestrial ecosystems 
again. In contrast, white rhinoceroses concentrate nutrients at specific points 
within the landscape (middens). 
We found that mesograzers were responsible for a net flow of nitrogen 
from nutrient-poor bunch grasslands to nutrient-rich lawn grasslands. After 
correction of nitrogen export by white rhinoceros, lawn grasslands acquire a 
positive nitrogen balance, while bunch grasslands remain a negative balance. 
Thus, mesoherbivores not only respond to heterogeneity in soil and plant 
nutrients across the landscape, but also play a role in maintaining the nutrient 
enriched status of highly productive and intensively grazed sites (Augustine 
2003). Augustine et al. (2003) estimated a nitrogen enrichment of 4.38 mg m-2 
d-1 for nutrient rich areas and a nitrogen depletion of 2.46 mg m-2 d-1, which 
falls within the range of our results (1.2-9.9 mg N m-2 d-1). Nevertheless, the 
effect of mesoherbivores on the redistribution of nitrogen was relatively small 
compared to the megagrazer white rhino.
Browsers caused a net flow of nitrogen from trees/shrubs towards grassland, 
in agreement with Sitters et al. (2015). They estimated flows of 0-1.37 mg N m-2 
d-1, which is within the same order of magnitude as our results, although our 
N flows were slightly larger (1.7 and 2.0 mg N m-2 d-1). These small differences 
might result from different browser densities, as well as cover of the present 
vegetation types. Dung deposition by browsers in grasslands tends to 
decreased with tree density (Sitters et al. 2015). Interestingly, mesograzers 
neutralized this effect of browsers by depositing similar amounts of nitrogen 
back to woody patches. 
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Dung beetles clearly showed preference for burying their dung balls into 
bunch grasslands compared to lawn grassland. Possibly, they prefer relative 
moist areas with more vegetation cover and loose soil and avoid the dry and 
compacted grazing lawns (Veldhuis et al. 2014a). Generalizing our results to 
all dung deposited showed a relative small, but significant nutrient flow. 
Nevertheless, caution is needed, whereas the validity of this generalization is 
highly uncertain. Dung beetle activity and community composition has been 
shown to vary highly between dung piles from different herbivore species (Finn 
& Giller 2002; Carpaneto, Mazziotta & Ieradi 2010). Furthermore, their activity 
is highly variable in both space and time (Edwards 1991; Davis 1996), which 
is exemplified by the high variation in amount of dung removed within our 
experiment. Nevertheless, their potential impact on nutrient cycling is evident 
(Nichols et al. 2008). Furthermore, in areas or seasons with decreased dung 
beetles activity, other groups of macrodetritivores, like termites, can redistribute 
large amounts of herbivore dung (Freymann et al. 2008), aggregating nutrients 
around their mounds, resulting in nutrient hotspots (Jouquet et al. 2005). 
Therefore, further investigation is needed to unravel the overall net effect of 
macrodetritivores on nutrient redistributions across the landscape. 

Within-system nutrient aggregations and redistributions by animals generally 
receives much less attention than other biological processes regarding nutrient 
cycling in terrestrial ecosystem. Nevertheless, comparison with other important 
processes that affect ecosystem nutrient budgets, such as fire emissions (1.6 – 
3 mg N m-2 d-1 based of fire return intervals of 2-3 years (Laclau et al. 2002; 
Chen et al. 2010; Sitters et al. 2015)), biological nitrogen fixation (4.5 – 12 mg N 
m-2 d-1 (Cleveland et al. 1999; Chen et al. 2010)) and nitrogen deposition (1.9– 
2.6 mg N m-2 d-1 (Delon et al. 2012)) reveals that especially megagrazers, but 
also mesoherbivores and even dung beetles make important contributions 
to local nitrogen balances. Within system nitrogen redistributions by animals 
are approximately of the same order of magnitude as regional atmospheric 
nitrogen in and outputs.
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Abstract

The nature of nutrient limitation in terrestrial ecosystems has been found to 
vary along regional climatic and soil gradients and drive variation in vegetation 
structure from grasslands to forests. However, more local biotic feedbacks also 
affect nutrient limitation, but their importance in determining vegetation 
structure relative to regional drivers is yet unclear. Mesic African savannas form 
a transition zone between the dry, more nitrogen limited grasslands and the 
wet, more phosphorus limited woodlands of the continent. They host strong 
feedback mechanisms of both vegetation and consumers, where large grazers 
can create short grazing lawns that alternate over short distances with tall 
fire-dominated bunch grasslands, and with shrub-dominated patches with 
abundant macrodetritivores. Here, we test if such local biotic interactions can 
overrule regional, landscape-level drivers of nutrient limitation.
In a South African savanna, we find that plant N and P limitation, as inferred from 
leaf nutrient concentrations, were indeed much stronger affected by small-
scale biotic-created heterogeneity than by a regional rainfall gradient (530-
830 mm yr-1). Furthermore, we observe that differences in N:P ratios between 
vegetation structural types are not caused by simple differences in inherent 
plant traits. This suggests that nutrient limitations are strongly contingent on 
the local biotic interplay between different vegetation structural types and 
within-system feedbacks linked to each vegetation type. The regional rainfall 
gradient did affect nutrient limitation, but mainly through its effect on the 
relative distribution of the different vegetation structural types thus setting 
the range of possible outcomes of biotic interactions. Regional and global 
studies that model savanna carbon and nutrient cycling only on the basis of 
regional gradients in soil and climatic conditions may insufficiently capture the 
dominant ecosystem processes involved. 
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Introduction

The notion that regional differences in environmental conditions determine 
vegetation and ecosystem structure and functioning has been (and still is) a 
cornerstone of both classic ecology (Holdridge 1947) and modern earth system 
studies (Reid et al. 2010). Specifically, the use of environmental gradients 
across landscapes have shown great utility in identifying key environmental 
determinants (e.g. nutrient availability, soil moisture, pH, salinity) of community 
structure (Stephenson & Stephenson 1949; Whittaker & Niering 1975) and for 
species distribution modelling (Elith et al. 2006). However, new concepts that 
emerged over the last two decades, such as ecosystem engineering (Jones 
et al. 1994), consumer-driven-nutrient cycling (Elser & Urabe 1999), plant-soil 
feedback (Blomqvist et al. 2000), herbivore-soil feedback (Veldhuis et al. 2014a) 
and ecological stoichiometry (Sterner & Elser 2002) have changed perspectives 
towards within-ecosystem feedbacks. Under these concepts, communities 
actually co-determine local abiotic conditions instead of passively responding 
to them. Such mechanisms raise questions on cause and effect in the 
correlations between environmental conditions and ecological community 
structures. 

Tropical savanna ecosystems are especially interesting in this context 
since their structure and functioning is firstly known to respond to major 
regional environmental gradients of water and soil properties (Bell 1982; 
Sankaran et al. 2005; Sankaran, Ratnam & Hanan 2008), but also host strong 
feedback mechanisms involving vegetation processes (Belsky et al. 1989; 
Scholes & Archer 1997; Holdo & Mack 2014) and consumers like herbivores 
(McNaughton et al. 1997a; Veldhuis et al. 2014a) and fire (Bond & Keeley 2005; 
Bond, Woodward & Midgley 2005). Furthermore, savannas form the transition 
zone between generally nitrogen-limited tropical drylands and generally 
phosphorus-limited tropical rainforests (Reich & Oleksyn 2004; Cech et al. 2008; 
Hirota et al. 2011). Therefore, the question arises to what extent this transition 
from N- to P-limitation linearly follows the rainfall gradient or whether within-
ecosystem feedback mechanism decouple nutrient limitation from external 
environmental conditions along (sections of ) this rainfall gradient. We 
investigate the transition in relative nutrient limitation across gradients of both 
rainfall and soil phosphorus in four different vegetation structural types (i.e. 
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grazing lawns, bunch grassland, broad-leaved and fine-leaved woodlands) that 
have been shown to be associated with different pathways of nutrient cycling 
and hence nutrient limitation to plants. 
 
The classical approach of determining nutrient limitations for plant primary 
production are nutrient addition experiments (Chapin, Vitousek & Vancleve 
1986; Vitousek & Howarth 1991). However, various conceptual difficulties 
in interpretation of results (Chapin et al. 1986; Rastetter & Shaver 1992; Olff 
& Pegtel 1994; Aerts & Chapin 2000) have shifted the focus towards more 
plant-based methods, like comparing N:P ratios and resorption efficiencies. 
Increasing N:P ratios are interpreted as relatively greater limitation by P relative 
to N and vice versa, which has been calibrated using fertilizer application 
experiments (Koerselman & Meuleman 1996; Aerts & Chapin 2000; Tessier & 
Raynal 2003; Gusewell 2004). For temperate grasslands and wetlands, an N:P 
ratio > 16 indicates P-limitation on a community level, while an N:P ratio < 14 
is indicative of N-limitation (Koerselman & Meuleman 1996). Such critical ratios 
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Fig. 1. Two hypothesized transitions from relative N limitation to relative P limitation across a rainfall 
gradient in African savannas. A) N:P ratios within (and between) vegetation structural types correlate 
well with rainfall and the transition between vegetation structural type co-occurs over the same rainfall 
gradient, suggesting a strong direct effect of rainfall on both nutrient limitations and dominance of 
vegetation structural types. B) N:P ratios within vegetation structural types are very constrained and not 
affected by rainfall. The switch in relative dominance of the vegetation structural types across the 
rainfall gradient causes a transition from relative N limitation to relative P limitation, suggesting an 
indirect effect of rainfall on nutrient limitations. In this latter case there are two possible explanations. 1) 
Strong interspecific differences in optimal N:P ratios between vegetation structural types. 2) Strong 
feedback mechanisms on nutrient cycling that are specifically related to each vegetation structural type 
cause convergence of N:P ratios within each vegetation structural types.
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are now well-rooted in the theory of ecological stoichiometry (Sterner & Elser 
2002) and have strong experimental support (Sardans, Rivas-Ubach & Penuelas 
2012). 
In response to nutrient limitation plants show adaptive traits that can 
be studied to gain insight in the plants ability to conserve nutrients to 
counteract the high risk of nutrient loss (Berendse, Oudhof & Bol 1987). 
One of the most important processes of nutrient conservation is nutrient 
resorption from senescing leaves, storage and subsequent remobilization, 
that reduces plants dependence on nutrient supply (Chapin & Kedrowski 
1983; Aerts 1996; Killingbeck 1996; Aerts & Chapin 2000; Franklin & Agren 
2002; McGroddy, Daufresne & Hedin 2004). Resorption efficiency (RE), the 
proportion of nutrients resorbed from the total amount present prior to 
senescence, tends to decrease relatively with an increasing amount of green 
leaf nutrient status (Kobe, Lepczyk & Iyer 2005). Also, plant individuals that 
grow under nutrient-poor conditions have higher RE (Ralhan & Singh 1987; 
Killingbeck 1996). In addition, resorption proficiency (RP), the level to which 
nutrient concentrations are reduced in senesced leaves, has been argued to 
better reflect resorption success than RE (Killingbeck 1996; Wright & Westoby 
2003). These residual nutrient concentrations in senesced leaves are not 
calculated using the green leaf nutrient concentrations (as RE) and directly 
represent the nutrient losses per unit biomass due to leaf abscission.  

Here, we investigate the transitions in nutrient limitation for plants in African 
savannas across a rainfall gradient. We first identify relative distributions of four 
different vegetation structural types across a rainfall gradient to investigate 
if and how rainfall affected overall plant community structure. We then 
determine N:P ratios, nutrient resorption efficiencies and proficiencies on seven 
sites that differ in amount of rainfall to obtain estimates of relative nutrient 
limitations and associated plant traits. We hypothesize that when rainfall is a 
direct driver of plant nutrient limitation, then N:P ratios would increase with 
rainfall irrespective of vegetation structural types (Fig. 1A). Alternatively, 
when local feedback mechanisms mostly determine the type and intensity of 
plant nutrient limitation, we expect that N:P ratios differ between vegetation 
structural types but do not vary across a rainfall gradient (Fig. 1B). Last, we 
investigate the possibility of inherent differences between species in optimal 
N:P ratio in a greenhouse experiment. 
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Materials and methods

Study site
The field work for this study was conducted in Hluhluwe-iMfolozi Park (HiP), 
a 900km2 game reserve in Kwa-Zulu Natal, South-Africa. The altitude of the 
park increases from 90 meter in the South to 580 m in the North. Seasonal 
mean temperatures range from 13⁰C (July) to 35⁰C (January). Mean annual 
rainfall ranges from approximately 500 mm in the South to 900 mm in the 
North and is positively correlated with altitude. Most rainfall falls between 
October and March (Skowno et al. 1999; Balfour & Howison 2002). Vegetation 
structural types range from open grasslands to closed Acacia and broad-leaved 
woodlands (Whateley & Porter 1983). The vegetation is characterized by a high 
heterogeneity with short grazing lawns ranging between a few square meters 
to a couple of hectares that alternate with tall grasslands dominated by bunch/
tussock-forming species. The park hosts a variety and relatively high biomass of 
large herbivores (Waldram et al. 2008; Cromsigt et al. 2009).

Vegetation cover
Percentage tree cover was computed at a spatial resolution of 250 m from the 
250 m MOD44B Collection 5 product (Townshend et al. 2011). This product 
gives percentage canopy cover derived from Moderate Resolution Imaging 
Spectroradiometer (MODIS) satellite measurement of canopy reflectance. A 
park wide grid was generated overlaying the MODIS pixels (250x250m) using 
ArcGIS Desktop 10.2 (ESRI 2011). Grass cover (%) was calculated as 100 - % tree 
cover. Subsequently, the grass cover was further divided into lawn and bunch 
grass areas using supervised Landsat-TM mapping (Meyer 1999). Similarly, 
woody areas were classified into fine-leaved (Acacia, Dichrostachys) and 
broad-leaved (Celtis, Harpephylum, Euclea, Olea, Spirostachys, Commiphora, 
Combretum) dominance based on digitized vegetation maps of woody 
vegetation communities (Whateley & Porter 1983). The percentages of each 
vegetation structural type within each grid cell were then calculated using 
the Spatial Statistics Tools in ArcGIS. We omitted riverine forest and all grid 
cells that overlapped with areas within 50 m from major rivers to reduce the 
effect of local water and nutrient accumulation. Also, for the percentage 
cover of fine-leaved and broad-leaved woody vegetation structural types we 
only included grid cells that were completely dominated by either vegetation 
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structural type based on the vegetation maps to reduce noise as a result of 
edge effects. 

Plant collection and nutrient content
We chose seven sites that span the rainfall gradient (see Table S1 in Supporting 
Information for additional site information), but were relatively similar in soil 
texture (median particle size: 0.05-0.15 mm), to avoid very clayey or sandy 
sites, and test between site variations in nutrient limitations. At each site we 
sampled green leaves in March and the beginning of April 2013 and senesced 
leaves still attached to the plant from the end of May till June 2013. For each 
vegetation structural type (lawn grasses, bunch grasses, fine-leaved and 
broad-leaved shrub) a pooled sample of about 5 g dry weight was sampled for 
each of the most abundant species by randomly walking through a 50x50 m 
area. For grasses, only the top 3 intact and green leaves of an individual were 
picked (Aerts & Chapin 2000) and we only sampled individuals that were not 
growing mixed with other vegetation structural types. For woody species we 
only sampled sun-exposed leaves and had no visible signs of herbivory or 
discoloration. 
Leaf samples were dried at 70 ⁰C for 48 h in a stove, ground (Foss Cyclotec grinder, 
2 mm sieve), stored in small plastic pill bottles and shipped to the University of 
Groningen. Leaf carbon (% C) and nitrogen (% N) content were estimated using 
a Bruker near-infrared spectrophotometer (NIR, Ettlingen) using a multivariate 
calibration of foliar samples measured both on the NIR and CHNS EA1110 
elemental analyzer (Carlo-Erba Instruments, Milan). Cross-validation showed 
these NIR-predicted C and N concentrations are highly accurate (R2=95.7 for 
N, R2=92.9 for C, N=1759). To determine leaf P concentrations, 0.5 g grinded 
leaf sample was destructed with 8 ml 65 % HNO3 in a Teflon lined glass tube by 
pressurized microwave digestion using a CEM discover SPD (CEM Corporation, 
North Carolina, USA). Subsequently, P concentrations were measured using a 
continuous flow-analyzer (Technicon AutoAnalyzer II), with molybdeen and 
vitamin C colorization at 820 nm.

Soil exchangeable phosphorus
Soil cores (0-10 cm depth, 5.5 cm diameter) were taken at each site in lawn 
grass, bunch grass and below shrubs in triplicate, dried at 105 ⁰C for 48 h 
and transported to the University of Groningen. Approximately 2.5 g of each 
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ground soil sample was measured out 2 times and 50 ml of 5 % HCl solution 
was added. Afterwards, the suspension was filtered over a phosphate pore filter 
and the extract was diluted at least 10 times. Subsequently, P concentrations 
were measured using a continuous flow-analyzer (Technicon AutoAnalyzer 
II), with molybdeen and vitamin C colorization at 882 nm. These estimates of 
extractable soil P concentrations were subsequently used as a measure of plant 
available P.

Rainfall
Rain gauge data from 17 weather stations across the park were used to create 
a rainfall map for HiP (mostly on different locations than the study plots), 
containing rainfall data from 2001 to 2007 (Veldhuis et al. 2014a). For both the 
vegetation cover estimates and the 7 sample sites spatial coordinates were 
used to extract interpolated estimates of rainfall from the map.

Greenhouse experiment
Five lawn grass and 11 bunch grass species collected as ramets in Hluhluwe-
iMfolozi were grown in replicates (3-5 specimens per species) for 73 d in a 
greenhouse experiment at the University of Groningen (see Anderson et 
al. 2013 for detailed information). At the end of the experiment leafs were 
harvested, dried at 70 ⁰C for 48 h and ground using similar methods as for 
the field samples. Foliar total C, N and P concentrations were determined as 
described above for the field samples.

Data analysis
Maximum vegetation cover of the four vegetation structural types were 
modeled using quantile regression within the “quantreg” package in R (Koenker 
2015). We used 100th and 99th conditional quantiles to estimate the upper 
boundary of percentage cover for each vegetation structural type. We chose 
for these high quantiles because we had a very high number of data points 
for this analysis that were largely dominated by low cover estimates, resulting 
in strong right-skewed frequency distributions. Lower quantiles therefore did 
not accurately describe the observed patterns on maximum cover, which was 
the main objective of our analysis. Models contained quadratic terms of annual 
rainfall, which best reflected the hump shaped patterns of maximum cover 
across the rainfall gradient. 
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We calculated the resorption efficiencies of N (NRE) and P (PRE) as 
. Senesced leaf nutrient concentrations 

were taken as a measure of resorption proficiencies both for N (NRP) and P 
(PRP). 
For each of the five response variables (N:P ratio, NRE, PRE, NRP and PRP) 
we constructed two models to test the effect of our three main explanatory 
variables (vegetation structural type, annual rainfall and soil extractable P) 
using the “nlme” package in R (Pinheiro et al. 2014). First, a linear mixed effect 
model (LMM) was fitted with vegetation structural type, amount of rainfall and 
their interaction as explanatory variables. Subsequently, another LMM was 
fitted with vegetation structural type, soil extractable P and their interaction 
as explanatory variables. We subdivided this into two models instead of 
constructing one model with all three explanatory variables since annual rainfall 
and soil extractable P were correlated in a complex way (quadratic relationship, 
see Fig. 4A), complicating interpretation of model results. Mixed effect models 
were used to deal with spatial pseudo-replication as a result from our nested 
study design. Therefore, “site” was included as a random factor in all models. 
Foliar concentrations of senesced leafs (both N and P) were log transformed to 
meet assumption of normality. For NRE and PRE, variances between vegetation 
structural types were statistically different and we therefore modeled variances 
following Zuur et al. (2009). Satterthwaite approximation was used to estimate 
effective degrees of freedom, commonly used for mixed models (Satterthwaite 
1946). We used backward model selection to find the minimum adequate 
models for each response variable based on AIC values. When the minimum 
adequate model showed a significant interaction term, we split up the analysis 
per vegetation structural type to see which vegetation structural types differed 
in coefficient. Post-hoc Tukey’s tests (Tukey 1949) were used to investigate 
which vegetation structural types differed from each other.
Differences in soil extractable P between vegetation structural types and 
gradient of annual rainfall were investigated using ANCOVA’s with both 
variables and interaction term included in the full model. Post-hoc Tukey’s tests 
were used to investigate which vegetation structural types and sites differed 
from each other. ANOVA’s were used to investigate potential differences in foliar 
N:P ratios between field samples and our greenhouse experiment, with the 
full model containing location (field or greenhouse) and vegetation structural 
types (lawn or bunch) and their interaction as explanatory variables. Post-
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hoc Tukey’s tests were used to investigate which grass types and treatments 
differed from each other. All statistics were performed using R 3.1.1 (R 2014).

Table 1. Overall linear mixed effect model results for the effect of vegetation structural type, annual 
amount of rainfall and soil extractable P and their interaction as explanatory variables for foliar N:P 
ratios, N and P resorption efficiencies (NRE and PRE) and proficiency (N senesced and P senesced). 

N:Pgreen NRE PRE Log Nsenesced Log Psenesced

F P F P F P F P F P
Vegetation 
type

69.3 <0.001 18.6 <0.001 13.2 <0.001 42.3 <0.001 6.30 <0.01

Rainfall 0.02 0.89 0.91 0.38 0.76 0.42 0.51 0.50 0.45 0.53
Interaction 1.77 0.15 0.45 0.71 0.25 0.85 0.99 0.40 2.18 0.10
Vegetation 
type

78.8 <0.001 18.6 <0.001 13.2 <0.001 52.3 <0.001 7.32 <0.001

Soil P 16.2 <0.001 0.14 0.70 0.20 0.65 1.11 0.29 0.64 0.42
Interaction 0.14 0.93 0.84 0.47 1.72 0.17 4.90 0.005 4.10 0.01

Table 2. Linear mixed effect model results for resorption proficiency (N senesced and P senesced) for the 
different vegetation structural types as a function of soil extractable P, that showed a significant 
interaction term with vegetation structural type (see Table 1)

 Lawn Bunch Fine-leaved Broad-leaved
F1,3 P F1,5 P F1,3 P F1,5 P

Nsenesced

Soil P 3.57 0.15 1.95 0.22 6.72 0.08 8.23 0.03
Psenesced

Soil P 1.04 0.38 4.46 0.08 0.21 0.67 1.56 0.26

Results

Maximum cover of structural types
Our park-wide analysis of maximally possible cover showed distinct peaks 
for the different vegetation structural types in response to rainfall (Fig. 2, 
P<0.001 for all 99 % quantiles). The quantile regressions showed that bunch 
grasses were able to dominate over the whole rainfall gradient (493-898 mm 
yr-1). However, the other vegetation structural types showed clear peaks, with 
maximum lawn grass cover peaking at 595 mm yr-1, fine-leaved woody species 
at 706 mm yr-1 and broad-leaved woody species at 769 mm yr-1 (based on 
100th quantile). Similar patterns were found using 99th or 100th quantiles and 
therefore observed patterns were qualitatively the same. However, optimal 
maximum cover of lawn grasses, fine-leaved and broad-leaved woody species 
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shifted to higher rainfall using 99th quantiles (Fig. 2). Furthermore, all four 
vegetation structural types occur over most of the studied rainfall gradient and 
we observed large variation in their percentage cover. 

400 500 600 700 800 900

0

20

40

60

80

100

Rainfall (mm/yr)

Pe
rc

en
ta

ge
 c

ov
er

A

400 500 600 700 800 900

0

20

40

60

80

100

Rainfall (mm/yr)

Pe
rc

en
ta

ge
 c

ov
er

B

400 500 600 700 800 900

0

20

40

60

80

100

Rainfall (mm/yr)

Pe
rc

en
ta

ge
 c

ov
er

C

400 500 600 700 800 900

0

20

40

60

80

100

Rainfall (mm/yr)

Pe
rc

en
ta

ge
 c

ov
er

D

Fig. 2. Cover of lawn grasslands (A), bunch grasslands (B), fine-leaved woodlands (C) and broad-leaved 
woodlands in Hluhluwe-iMfolozi Park over the rainfall gradient. Lines represent 100% (black line) and 99% 
(grey line) quantile regressions using a second order polynomial equation. Estimated maximum cover 
peaks at 595 mm yr-1 for lawn grasslands, at 706 mm yr-1  for fine-leaved woody vegetation, and at 769 mm 
yr-1 for broad-leaved woody vegetation, while bunch grasslands achieved very high potential abundances 
at all positions along the rainfall gradient (493-898 mm yr-1). The spread in the data shows the strong 
potential for variation in local abundance of the vegetation structural types irrespective of rainfall.

N:P ratios and nutrient resorption
We found over 6-fold differences in foliar N:P ratios ranging from 4.4 to 27.5. 
Green leaf N:P ratios differed strongly between all vegetation structural types, 
but was not affected by rainfall (Table 1, Fig. 3 and 5). The lowest N:P ratios were 
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observed for lawn grasses (N:P<10) while fine-leaved shrubs (N:P>16) had the 
highest N:P ratios (Fig. 5). Furthermore, we found no significant effect of rainfall 
on leaf N:P ratios for the vegetation structural types separate models (Table 
2). Visual data inspection suggests lower N:P ratios around 650 mm yr-1 annual 
rainfall (Fig. 3), but including a quadratic term for rainfall in the model did not 
prove significant (P=0.09). This tendency for reduction in N:P ratios is likely 
caused by higher levels of soil extractable P that peaked at this intermediate 
amount of annual rainfall of 650 mm yr-1 (F1,55=22.4, P<0.001; Fig. 4A), making 
plants relatively more N limited under these conditions. Soil extractable P did 
not differ between vegetation structural types (F2,53=2.17, P=0.12). Furthermore, 
foliar N:P ratio significantly decreased with soil extractable P (Table 1, Fig. 4B), 
which was also apparent when vegetation structural types were modeled 
separately (Table 2). The absence of a significant interaction term suggests that 
all vegetation structural types respond in a similar way to soil P (Table 1, Fig. 4B). 
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Fig. 3. Foliar green leaf N:P ratios across a gradient of annual rainfall for lawn grasses (LG, ___), bunch 
grass (BG, ___), fine-leaved woody species (FW, - - -) and broad-leaved woody species (BW, - - -) 
Data points of different vegetation structural types within the same site have been shifted slightly along 
the x-axis to prevent error bars (standard deviations within sites) to overlap and improve visual 
representation.

The percentage N resorbed in leaves differed between vegetation structural 
types with lower and upper limits of -4.1 % and 65.3 %, respectively (Fig. 5). 
Neither rainfall nor soil extractable P significantly affected NRE (Table 1). NRE 
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was highest for bunch grasses (NRE>50 %) and lowest for fine-leaved shrubs 
(NRE<30 %) (Fig. 5). 
Leaf P resorption efficiency (min: 1.8 %, max: 86.3 %) significantly differed 
between vegetation structural types, but was not affected by rainfall or soil 
P (Table 1, Fig. 5). Grasses resorbed the highest percentage of P (PRE>60 %), 
while PRE of shrubs (PRE<45 %) was much lower. Overall, mean PRE was higher 
than NRE for all vegetation structural types. 
Senesced leaf N concentrations ranged from 0.61 % to 2.43 % and were 
significantly different between vegetation structural types (Table 1, Fig. 5). 
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Fig. 4. A) The response of soil extractable P across sites spanning a rainfall gradient when sampled in 
lawn grass (), bunch grass () and shrub patches (+). Regression line represents all vegetation 
structural types including a quadratic term of annual rainfall (LM: R2= 0.27, F2,55=11.7, P<0.001). B) Foliar 
N:P ratios across a gradient of soil extractable phosphorus for lawn grasses (LG), bunch grass (BG), 
fine-leaved woody species (FW) and broad-leaved woody species (BW). Error bars represent 
standard deviations within sites. N:P ratios differed significantly between vegetation structural types 
(LMM: F3,73=78.8, P<0.001) and decreased with soil extractable P (F1,6=16.2, P<0.001). The overall model 
explained ca. 75% of the variation (Cond. R2=0.76, Marg. R2=0.75).
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Bunch grasses showed lowest N concentrations (N<1) and highest N 
concentrations in senesced leaves were observed for fine-leaved shrubs (Fig. 5). 
Furthermore, no significant effects on NRP were found for rainfall. However, our 
models did show a significant interaction term between vegetation structural 
type and soil extractable P (Table 1). Closer examination of this interaction 
reveals that NRP for broad-leaved woody species is significantly affected by 
soil P (Table 2), while for the other three vegetation structural types this is not 
the case.
P resorption proficiency (range: 0.02-0.16 %) was not affected by rainfall, but 
did significantly differ between vegetation structural types and sites (Table 1). 
Senesced leaf P concentrations were lowest for bunch grasses (Fig. 5), while 
the other vegetation structural types did not significantly differ. We found a 
significant interaction between soil P and vegetation structural types as was 
observed for NRP (Table 1). Nevertheless, separate linear mixed effect models 
per vegetation structural type revealed no significant effects of soil extractable 
phosphorus on either vegetation structural type. 

Greenhouse experiment
In order to see if the differences in nutrient limitation between vegetation 
structural types reflected inherent differences between plant species or 
ecosystem feedbacks we compared the field values of foliar N:P ratios to values 
from a greenhouse experiment using lawn and bunch grasses. Foliar N:P ratios 
from grasses in our greenhouse experiment were higher than from our field 
samples (F1,104=88.8, P<0.001; Fig. 6). Furthermore, N:P ratios of lawn grasses 
(14.6±2.35) were lower than those of bunch grasses (16.8±3.67) (F1,104=10.5, 
P<0.01), mimicking their differences in the field. This is further supported by 
the absence of a significant interaction term (F1,103=0.20, P=0.65) between 
location (greenhouse or field) and grass type (lawn or bunch).  In addition, this 
analysis shows that when C4 grasses are grown under non-limiting conditions 
for N and P, their leaf N:P ratio is in the same range as found for multiple or 
equal limitation of N and P for temperate C3 grasses (14-16). 
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Fig. 5. Foliar N:P ratios, N and P resorption efficiencies (NRE and PRE) and foliar nutrient proficiencies (N 
senesced and P senesced) for the different vegetation structural types. Means with the same letter were 
not significantly different (Post-hoc Tukey test, P > 0.05). Error bars represent standard deviations of 
means.
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Discussion

Our main objective was to investigate the transition in plant nutrient limitations 
across a rainfall gradient in African savannas and determine the relative 
effects of rainfall and vegetation structural type on nutrient ratios. We found 
clear peaks for most vegetation structural types along the rainfall gradient, 
suggesting an important constraining effect of rainfall on the range of possible 
vegetation structures. N:P ratio differed strongly between vegetation structural 
types, whereas annual rainfall did not affect N:P ratios. Thus, distinct vegetation 
structural types occurring several meters from each other show larger 
differences in N:P ratios than similar vegetation structural types situated several 
kilometers away. This strongly suggests that plant community composition, 
and associated biotic feedbacks (through fire, herbivore, decomposers, etc.) 
determines the nature of nutrient limitations in our study system, overruling 
effects of regional rainfall gradient. The results thus suggest that Fig. 1B better 
captures the main patterns of nutrient limitation in this system than Fig. 1A. 
Last, as N:P ratios of both lawn and bunch grass species converged to ca. 15 
when grown under sufficient nutrient supply (as expected from ecological 
stoichiometry theory), the observed decreased N:P ratios for grasses in the field 
likely not reflect inherent traits, but instead reflect differences in local nutrient 
availability. Overall this suggests that plant nutrient limitations are directly 
linked to plant community composition and associated biotic feedbacks 
(herbivores, fire, decomposers) instead of being strongly tied to annual rainfall.

Nutrient limitation differences between structural types
In general, N:P ratios of lawn grasses were lowest (mean N:P=8.2), followed by 
bunch grasses (mean N:P=11.0), while shrubs showed higher ratios with fine-
leaved shrubs (mean N:P=21.0) having higher N:P ratios than broad-leaved 
shrubs (mean N:P=15.6). These results correspond well with recent studies 
from South (Ratnam et al. 2008) and East Africa (Cech et al. 2008) and suggest 
relatively more N-limitation for grasses, while shrubs and trees experience co- 
or relatively more P-limitation. Whether these results can be interpreted as 
strict N or P-limitation is currently still debated since there is no agreement 
about the actual threshold for savanna ecosystems (Koerselman & Meuleman 
1996; Gusewell 2004; Cech et al. 2008; Craine, Morrow & Stock 2008). 
Independent experimental assessments of the type of nutrient limitation that 
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Fig. 6. Foliar N:P ratios of lawn and bunch grasses (averages over multiple species) from plants collected 
in the field (black bars) and from plants grown under the controlled conditions of non-liming nutrient 
supply of N and P in the greenhouse (grey bars). Capital letters above bars denote significant differences 
(Post-hoc Tukey test, P < 0.05) between treatments and grass structural types. Error bars represent 
standard deviations within vegetation types. Lawn grass species: Cynodon dactylon, Dactyloctenium 
australe, Digitaria longiflora, Panicum coloratum and Sporobolus nitens. Bunch grass species: Bothriochloa 
insculpta, Chloris gayana, Cymbopogon excavates, Digitaria erianthra, Eragrostis curvula, Eragrostis 
superba, Eustachys paspaloides, Heteropogon contortus, Panicum maximum, Setaria  sphacelata, 
Sporobolus fimbriatus, Sporobolus pyramidalis and Themeda triandra.

are insensitive to P immobilization, as done by Olff & Pegtel (1994) for  
temperate grasslands, are now needed. Nevertheless, the use of N:P ratios as 
an index of relative N to P-limitation (as we apply in this study) is generally 
accepted (Sardans et al. 2012).  Furthermore, our greenhouse study showed 
that the differences in N:P ratios found in the field cannot be attributed to 
interspecific differences in optimal N:P stoichiometry, as has been suggested 
(Craine et al. 2008), where N:P ratios of grasses under sufficient nutrient supply 
converged to ca. 15. Overall our results suggests strong feedback mechanisms 
on nutrient cycling linked to each vegetation structural type that result in the 
converged N:P ratios found.

Feedbacks on nutrient cycling
In African savannas, most grass biomass is consumed by large herbivores or 
fire. Large herbivores can increase nutrient availability by speeding up nutrient 
cycling through dung and urine excretion (McNaughton 1984; McNaughton et 
al. 1997a). Nevertheless, this positive effect on nutrient cycling is debated as a 

39806 Veldhuis, Michiel.indd   101 14-04-16   15:44



Chapter 5

102

5

significant proportion of N may be lost through NH3 volatilization and leaching 
outside the reach of plant roots (Ruess & McNaughton 1988; Frank & Zhang 
1997; Augustine 2003). The low N:P ratios found for lawn grasses, of which 
most production is consumed by large herbivores (Bell 1971; McNaughton 
1984), suggest N-limitation and is in agreement with a recent study of Cech 
et al. (2008). These authors related the relative N-limitation of grazing lawns to 
the large amounts of excreta (especially P) received from herbivores. However, 
we did not find significant differences in soil extractable P between lawn and 
bunch grasslands. An explanation for this lack of increased soil P in grazing 
lawns might be attributed to the high numbers of white rhinos in our study 
area that are known to defecate in middens, resulting in a constant efflux of 
both N and P (Waldram et al. 2008). For bunch grasses, the high fuel load of 
dead standing biomass is often ‘consumed’ by fire during the dry season (Bond 
& Keeley 2005). Repetitive burning can impose high nutrient losses, especially 
of N through NOx emission with smoke, runoff of ashes (Cook 1994; Kauffman 
et al. 1995; Caldwell et al. 2002) and recalcitrant pyrogenic organic matter 
storage (Soong & Cotrufo 2015) and therefore decrease soil N concentrations 
(Pellegrini et al. 2015). Altogether, this suggests that the long-term effects 
of both large herbivores and fire in natural savanna ecosystems result in an 
N-limited grassland vegetation (for both the lawn and bunch grasslands) (Cech, 
Venterink & Edwards 2010). 
In contrast, higher N:P ratios found for shrubs suggest a more closed nutrient 
cycle with higher N availabilities. Indeed, recent meta-analyses show increased 
soil N and foliar N concentrations of herbaceous subcanopy vegetation, with 
larger effects of N-fixing woody species compared to non-fixers (Blaser et al. 
2013; Dohn et al. 2013). Recent studies in Kruger National Park (KNP) also found 
higher labile pools of N and higher N mineralization rates under than away 
from tree canopies (Holdo, Mack & Arnold 2012; Holdo & Mack 2014). Regarding 
plant available P, the studies in KNP showed negative effects of tree canopies, 
where we observed no significant differences. In contrast, most previous 
studies found that tree canopies enhanced soil P levels in comparison with the 
surrounding grassland soils (Ludwig et al. 2004; Treydte, Grant & Jeltsch 2009; 
Dohn et al. 2013). A possible explanation for this discrepancy can be found in 
the effect of canopy height. Woody species with high canopies were found 
to significantly increase soil P levels, in contrast to low canopy species that 
experience reduced soil P concentrations (Blaser et al. 2013). Trees may act as 
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pumps which bring nutrients from deep soil layers (Campbell et al. 1988) and 
nutrient enrichment of soils beneath trees can result from animal activity (e.g. 
defecation)(Dean et al. 1999). Both processes are expected to increase with 
tree size or canopy height. Also, fire did not affect N:P ratios of woody species 
after 58 years burning experiment, where grass N:P and soil N both significantly 
decreased with recurring fire (Pellegrini et al. 2015). Altogether, this suggests 
that woody species have much more control on their nutrient budgets and are 
less affected by herbivores and fire compared to grasses.  

Rainfall
Interestingly, whereas we found clear differences between vegetation structural 
types, N:P ratios did not vary with rainfall. In their meta-analysis, Dohn et al. (2013) 
did find consistent nutrient enrichment below tree canopies, but this effect 
was found across a large gradient of rainfall. This apparent overruling effect of 
vegetation structural type on nutrient limitations has large consequences for 
ecosystem nutrient cycling when the distribution of the vegetation structural 
types changes within the ecosystem. Indeed, woody encroachment generally 
reduces nutrient limitations (Blaser et al. 2014), N and P fluxes, and N-fixation 
rates, in a way that indicates a shift towards more P-limiting conditions (Sitters, 
Edwards & Venterink 2013; Sitters et al. 2015). Furthermore, the occurrence of 
woody encroachment generally increases with rainfall (Eldridge et al. 2011), as 
would be expected from the maximum cover distributions of the vegetation 
structural types in our study. Therefore, although the direct effect of rainfall on 
nutrient limitations seems negligible, a clear indirect effect is present. 

While we found that nutrient limitations in African savannas do not or only 
weakly correlate with environmental gradients, regional and global studies 
model savanna ecosystem processes often based on these large-scale 
environmental gradients, mostly lacking important within-system feedback 
mechanisms (Baudena et al. 2015). This is exemplified by the general absence 
of large herbivores in dynamic global vegetation models (DGVMs)(but see 
Pachzelt et al. 2013), although the fundamental importance of large herbivores 
for savanna ecosystem functioning is widely recognized. This may explain why 
DGVM’s are generally poor predictors of savanna ecosystem structure and 
functioning (Bonan et al. 2003; Hely et al. 2006; Hickler et al. 2006; Sato et al. 
2007), although improvements are made (Scheiter & Higgins 2009). 
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We suggest that our results reflect a more general principle, where ecosystems 
at intermediate levels of large-scale environmental gradients are relatively 
strongly subject to within-ecosystem feedbacks, whereas ecosystems at 
both ends of the gradient are more externally driven by these gradients (Fig. 
7). For example, at low rainfall (tropical drylands, N-limited) and high rainfall 
(tropical forests, P-limited) the local conditions of nutrient availability are 
relatively strongly determined by the regionally imposed conditions, and are 
thus predictable from these large-scale environmental gradients. However, 
at intermediate rainfall (savanna ecosystems) strong within-system feedback 
mechanisms operate and patches of relative N- and P-limitation can be found 
several meters distance from each other (this study). This results in strong 
internal driven ecosystems, where nutrient limitation is generally unpredictable 
from the regional conditions. 
 

Fig. 7. Schematic overview of the relationship between regional environmental conditions (e.g., rainfall, 
or parent material P availability) and local conditions (as soil moisture, soil P availability). Solid thick line 
represents the expected local conditions when they correlate directly with regional environmental 
conditions (external driven). Dashed lines represent the maximum and minimum values for local 
conditions with corresponding regional environmental conditions. The suggested impact of within-
system feedback mechanisms to change local conditions is highest at intermediate ranges along the 
environmental gradient (arrows). The x-axis represents a regional rainfall gradient in our study, with 
nutrient limitations as possible local condition on the y-axis. The grey area represents savanna 
ecosystems with adjoining tropical drylands (dry end) and tropical forests (wet end).
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Conclusion
Overall, our study shows that nutrient limitations in African savannas are 
strongly different between vegetation structural types on a rather short spatial 
scale, irrespective of the amount of annual rainfall. Therefore, we conclude 
that regional variation in rainfall does not directly affect nutrient limitations in 
African savannas, but indirectly instead, by affecting abundance distributions 
of the vegetation structural types. Generalizing, this suggests that nutrient 
limitations at intermediate ranges of rainfall are more determined by local 
ecosystem organization instead of being imposed by regional conditions. 
Therefore, changes in local dominance from one vegetation structural type 
to another, especially from grasses to woody species (i.e. bush encroachment) 
or vice versa, might suddenly cause a switch in nutrient limitation. These 
local interactions and within-system feedback mechanisms are essential to 
incorporate into regional and global modelling approaches to successfully 
predict future changes in nutrient limitations.    
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Supporting Information

Table S1. Characteristics of the seven sites. Annual rainfall was extracted from interpolated maps based 
on 7 years of rain gauge measurements at 17 weather stations situated across the park. Fire return 
intervals are based on fire maps from field rangers between 1955 and 2011. pH, %OM, %C, %N and 
extractable P represent mean values per site (n=9). Vegetation cover was determined in 50x25m grids 
with percentage per vegetation structural type estimated visually per 5x5m grid cells (n=50).

Site Rainfall 
(mm/
yr)

Mean 
fire 
return 
interval 
(yr)

pH 
(H2O)

% OM % C %N P 
extr.

Lawn 
%

Bunch 
%

Fine 
%

Broad 
%

Nseleni 532 5.6 6.5 4.42 1.77 0.16 4.92 40.37 47.83 14.14 1.69
Madlozi 570 4.5 6.2 4.42 1.63 0.16 7.64 23.58 64.58 16.17 3.07
Nomageja 607 7.0 6.4 5.48 2.01 0.19 8.00 21.25 61.75 21.25 15.37
Nombali 648 5.6 7.2 6.94 2.84 0.22 12.10 14.58 66.75 8.95 15.41
Maqanda 663 3.5 6.3 5.83 2.35 0.20 9.32 22.58 50.58 8.17 18.75
Mnqabateki 732 2.1 6.1 9.59 3.13 0.24 14.81 0.91 86.33 12.17 14.05
Pendisweni 820 5.6 6.2 16.74 6.24 0.40 6.94 0.00 80.37 5.16 15.11
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Fig. S1. Foliar N:P ratios per grass species for both the greenhouse experiment (upper panel) and the 
field samples (lower panel). Error bars indicate standard deviations per species.
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Abstract

The ecological impact of rapid environmental change will depend on the 
robustness of key ecosystems processes, which may be promoted by species 
that exert strong control over local environmental conditions. Recent 
theoretical work suggests that macrodetritivores increase the robustness of 
African savanna ecosystems to climate change, but experimental evidence is 
yet lacking. We examined the effect of social and non-social macrodetritivores 
on decomposition rates in a field experiment with strong spatiotemporal 
variability in rainfall and temperature. Non-social macrodetritivores 
(earthworms, isopods, millipedes) promoted decomposition rates relative to 
microbes (+31%) but both groups reduced their activities with decreasing 
rainfall. However, social fungus-growing termites increased decomposition 
rates strongest (+106%) under the most water-limited conditions, making 
overall decomposition rates mostly independent from rainfall. We conclude 
that termites are of special importance in decoupling decomposition rates 
from spatiotemporal environmental variability, thus strongly contributing to 
the robustness of dryland ecosystems in a changing climate.
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Introduction

Decomposition of dead organic matter is a key process in the recycling of 
carbon and nutrients in terrestrial ecosystems (Sayer 2006; Canadell et al. 
2007), providing the primary input of nutrients for both plant and detritivore 
communities. A long history of research has identified climate (rainfall, 
temperature) as the main driver of decomposition rates, through determining 
vegetation composition (and hence, litter quality) and the activity of the 
decomposers (Meentemeyer 1978; Aerts 1997; Cornwell et al. 2008; Makkonen 
et al. 2012). This high dependency on (externally) environmentally imposed 
conditions makes decomposition (and hence ecosystem functioning) highly 
sensitive to changing environmental conditions, as demonstrated by model 
predictions of climate change effects on decomposition rates (Knorr et al. 2005; 
Bronson et al. 2008; Bond-Lamberty & Thomson 2010).
Macrodetritivores, however, strongly affect litter decomposition rates (Handa et 
al. 2014; Heemsbergen et al. 2004; Vos et al. 2011; Wall et al. 2008) (Heemsbergen 
et al. 2004; Wall et al. 2008; Vos et al. 2011; Handa et al. 2014). In contrast to 
bacteria and fungi, several groups of macrodetritivores are capable of changing 
the local environmental conditions through biotic feedback mechanisms 
(Lavelle et al. 2006). Soil physical changes due to bioturbation, litter-soil mixing, 
grain size sorting or the formation of mounds by macrodetritivores (ecosystem 
engineering effects sensu Jones (1994)) have been shown to stimulate litter 
decomposition and enhance nutrient cycling (Lavelle et al. 2007; Schrama et 
al. 2015). Ecosystem engineering effects may therefore loosen the connection 
between large-scale spatiotemporal climatic variability and decomposition due 
to improved local abiotic conditions for both microbes and macrodetritivores. 
Recent theoretical work (based on analysis of observed spatial patterns) 
indeed suggests that macrodetritivores, specifically termites, make dryland 
ecosystems robust to climate change (Bonachela et al. 2015). However, it is 
yet unclear how this “macrodetritivore-promoted robustness” holds across 
environmental conditions and across different functional groups, and whether 
it can be experimentally observed and tested. 
Fig 1A depicts two contrasting hypotheses on how macrodetritivores can 
promote decomposition rates, when compared to microbes. Under the 
first hypothesis, macrodetritivore effects on decomposition may follow 
similar constraints as microbes, resulting in largest absolute effects under 

39806 Veldhuis, Michiel.indd   111 14-04-16   15:45



Chapter 6

112

6

the most favorable environmental conditions (H1; Fig. 1A). Overall, the 
proportional effect of macrodetritivores on decomposition rates will then 
stay approximately constant across environmental conditions (H1; Fig. 1B). 
Under the second hypothesis, the absolute effect of macrodetritivores is 
largest under conditions unfavorable to microbes (H2; Fig. 1A,1B). This is 
expected when macrodetritivores exert strong changes on local conditions, 
for example through the formations of biogenic structures, such as mounds 
that may act as “biological chemostats”, incubators of microbial activity (Lavelle 
et al. 2006). Here, macrodetritivores buffer ecosystem decomposition towards 
spatiotemporal variability and monopolize the decomposition process under 
those conditions that are least favorable for microbial growth. 
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Fig 1. Two alternative hypotheses on the effect of macrodetritivores on decomposition rates across 
environmental gradients of rainfall or temperature. H1: Macrodetritivores increase decomposition rates 
most compared to microbial decomposition under most favorable conditions resulting in the largest 
absolute “macrodetritivore effect” under higher rainfall and temperature conditions (A), but a constant 
proportional “macrodetritivore effect” (B) compared to microbial decomposition rates. H2: Absolute 
increase of decomposition by macrodetritivores is higher under more stressful conditions (A), which 
results in an exponential decrease of the proportional “macrodetritivore effect” along the gradients (B).
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We explored these alternative hypothesis by performing an experimental study 
in which we separated the effects of functionally different species groups of 
macrodetritivores on litter decomposition rates in an African savanna ecosystem. 
Savanna ecosystems are known to exert high spatiotemporal variability in 
climate, especially rainfall, that has been identified as a key determinant of 
their structure and functioning (Olff et al. 2002; Sankaran et al. 2008; Davies et 
al. 2013; Hempson et al. 2014). Two main groups of macrodetritivores are found 
in savannas: i) non-social macrodetritivores (earthworms, isopods, millipedes, 
cockroaches) without extensive mound structures, and mostly interacting 
with free-living soil microbes in mutual benefit, and ii) social fungus-growing 
termites with large mound structures. The latter group cultivates basidiomycete 
fungi inside their nests in fungal gardens that have been suggested to function 
as “biological chemostats” (Rouland-Lefevre 2000) or “extended phenotypes”  
(Turner 2002). In total we set out 1320 decomposition stations on seven sites 
along a rainfall gradient (500-900 mm yr-1) throughout eight one-month 
intervals spanning an 11 month period (September – July). Stations were 
installed in three different vegetation types (shrub, tall grass and short grass) 
and filled with three distinct substrates (litter, dung, straw) to investigate 
the effect of microclimate and substrate quality on macrodetritivore effects 
on decomposition. Altogether, this yielded a unusually large experimental 
dataset (N=2640) to investigate the separate impacts of microbes, non-social 
macrodetritivores and social macrodetritivores on decomposition rates for 
different substrate types, microclimates and a wide range of macroclimatic 
conditions. Our experiment revealed that termite-mediated decomposition 
rates indeed increased towards lower rainfall (H1, Fig 1), replacing the role 
that other macrodetrivores and free-living microbes play in decomposition at 
high rainfall. Termites thus decouple decomposition from the generic climatic 
conditions in savannas. 

Materials and methods

Study site
The study was conducted in Hluhluwe-iMfolozi Park (27.59⁰-28.26⁰S, 31.41⁰-
32.09⁰E), a 900km2 game reserve in Kwa-Zulu Natal, South-Africa, from 
September 2013 to July 2014. The altitude of the park increases from 90 meter 
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a.s.l. in the South to 580 meter a.s.l. in the North. Seasonal mean temperatures 
range from 13⁰C (July) to 35⁰C (January). Mean annual rainfall ranges from 
approximately 500 mm in the South to 900 mm in the North and is positively 
correlated with altitude (Balfour & Howison 2002). Most rain falls between 
October and March and is highly variable in both space and time (Bonnet et al. 
2010). Vegetation structural types range from open grasslands to closed Acacia 
and broad-leaved woodlands (Whateley & Porter 1983).
We chose seven sites that span the rainfall gradient, but that were relatively 
similar in soil texture (median particle size: 0.05-0.15 mm), in order to avoid 
very clayey or sandy sites, that might affect macrodetritivore community 
composition and behavior. Rain gauges were installed at every site and 
emptied at least once every two weeks. A few ml of sunflower oil was poured 
into the rain gauge to prevent evaporation of collected rainwater. We used rain 
gauge data from nearby sites to fill gaps in rainfall data in those cases when rain 
gauges were destroyed by animals (elephants, monkeys) and subsequently 
installed new rain gauges at our sites. 

Temperature   
Data on daily mean temperatures (Sep 2013 – July 2014) were obtained from 
the National Oceanic and Atmospheric Administration (NOAA, http://www.
ncdc.noaa.gov/). The closest daily temperature measurements within our 
study period were available from the weather station at Charters Creek, SA 
(located -28.20⁰S, 32.42⁰E, ca. 30 km from our study area). We then obtained 
climate data layers from the WorldClim program (available from http://www.
worldclim.org) generated through high resolution (1 km) spatial interpolation 
of average monthly data on mean temperature between 1960-90 (Hijmans et 
al. 2005) and extracted mean monthly temperatures for each of our seven sites 
and Charters Creek using ArcGIS Desktop 10.2 (ESRI 2011). For each site a linear 
model was constructed for mean monthly temperature as a function of mean 
monthly temperature in Charters Creek and proved highly accurate, with R2 > 
0.99 obtained for all sites. Subsequently, these models were used to calculate 
the mean temperatures on a daily basis for all seven sites based on the daily 
measurements obtained from Charters Creek. Mean temperatures per time 
interval were then calculated per site and used for subsequent analyses. 
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Decomposition stations
Decomposition stations consisted of 10 cm diameter x 5 cm height PVC 
pipe segments. They were secured in place with a U-shape metal wire 
pushed into the soil at two sides (see Figure S1 in Supporting Information). 
Decomposition stations had a 1.4 mm mesh cover to prevent litter falling in 
from above, while the bottom was open to allow macrodetritivores to enter the 
stations from below. Also, four additional 2 cm holes at ground level allowed 
macrodetritivores to enter the stations from aside. Stations were placed on bare 
patches in between vegetation after removal of all loose litter on the soil. We 
designed this method, instead of using the more standard litter bag approach, 
to prevent compaction of the substrate which potentially can increase water 
content and, subsequently, substrate mass loss and to include the effect of 
larger sized macrodetritivores (body size >5mm), but reduce the chance of loss 
of substrate due to physical transport. The compacted, smooth nature of the 
soil in this savanna, without a natural litter layer, facilitated this approach and 
allowed the collection remaining litter after the monthly intervals. 
Every station was filled with 5 grams (±0.01g) of dried (48 h at 70˚C) substrate 
at the start of each measurement interval. Furthermore, a control treatment 
excluding macrodetritivores (allowing only microbial decomposition) was 
placed within each station consisting of 10x3cm double layered metallic 
litter bags (mesh size: 1mm) containing 1 gram (±0.001g) of one of the three 
substrates. After ca. 32 days (±5.6d), the remaining substrate was collected, 
oven dried (48 h at 70˚C) and weighed. Then it was ashed (4 h at 550˚C), to 
account for the possible collection of soil during the incubation or collection 
of the samples. Difference in weight before and after ashing was taken as a 
measure for remaining substrate mass at the end of the experiment.
 At each site we installed three decomposition station replicates in three 
vegetation structural types, i.e. lawn vegetation, bunch vegetation and 
underneath shrubs to investigate the effect of microclimate. In general, lawn 
areas are driest and warmest, while microclimates below shrub are relatively 
wet and cool (Holdo & Mack 2014; Veldhuis et al. 2014a).

Substrate
We explored the importance of substrate quality for decomposition rates 
by comparing three different substrate types. We used two substrates with 
constant quality: white rhino dung (high litter quality; C:N ratio =23.6) and 
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straw (low litter quality; C:N ratio =38.7). As a third substrate we used litter 
originating from the site itself, which, therefore, had variable quality both in 
space and time and represented the actual substrate for decomposition at 
that site and moment (variable quality; C:N ratio=31.2 (±8.9)). Carbon (%C) 
and nitrogen (%N) content of substrates were estimated using a Bruker near-
infrared spectrophotometer (NIR, Ettlingen, Germany) using a multivariate 
calibration of samples measured both on the NIR and CHNS EA1110 elemental 
analyzer (Carlo-Erba Instruments, Milan, Italy). Cross-validation showed these 
NIR predicted C and N contents to be highly accurate (R2=92.9 for C, R2=95.7 
for N, N=1759).

Macrodetritivore effects
Distinction between the effects of the two groups of macrodetritivores, i.e. 
non-social (earthworms, millipedes, woodlouse, cockroaches) and social 
macrodetritivores (termites) was based on incidence (yes/no) of sheeting 
inside each decomposition station (Ndiaye et al. 2004). Fungus-growing 
termites typically construct runways, galleries and cover organic material with 
mineral particles (sheeting) to protect themselves against sun, as they lack 
pigmentation, and predation (Wood & Sands 1978). Decomposition in non-
sheeted stations was attributed to non-social macrodetritivores. Mass loss 
inside control bags was interpreted as microbial decomposition. Control bags 
with signs of sheeting were removed from analyses to reduce the possible 
influence of very small termites entering control bags.

Data analysis
Linear mixed effect models (LMM) were constructed with percentage mass loss 
as response variable within the “nlme” R package (Pinheiro et al. 2014). Due to 
spatial pseudoreplication within sites and control bags within decomposition 
stations we used station ID nested within site as random variables. Explanatory 
variables were monthly rainfall, mean temperature, substrate (three levels, 
i.e. dung, litter, straw), vegetation type (three levels, i.e. lawn, bunch, shrub), 
C:N ratio and detritivore group (three levels, i.e. microbes only, non-social 
macrodetritivores, termites). Quadratic terms were added for the explanatory 
variables monthly rainfall and mean monthly temperature, since we 
hypothesized that climatic effects had an optimum (Fig 1A). Conditional and 
marginal R2 for the mixed models were calculated following Johnson (2014). 
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Assumptions of normality and equal variances were visually investigated by 
residual plots, with no apparent violations. 
To investigate incidence of termite attack across gradients of monthly rainfall 
and temperature, we used generalized linear models (GLM) with a binomial 
probability distribution to deal with the binary response variable (i.e. logistic 
regression). 
For visual representation and further analyses, we divided our two main 
continuous explanatory variables into equal intervals based on visual 
inspection of histograms to obtain categories without low sample sizes (see 
Figure S2). Minimum number of stations were 42 (mean temperature) and 59 
(monthly rainfall) per category. Proportional macrodetrivore effect for each 
category was calculated as decomposition rates including macrodetritivores 
divided by microbial only decomposition.
Subsequently, we used these same categories to determine the relative impact 
of both macrodetritivore groups on decomposition rates over gradients of 
monthly rainfall and mean monthly temperature. Impact of termites was 
calculated as the absolute difference between termite and microbes-only 
decomposition (representing effect size) multiplied by the incidence of termite 
attack (representing the probability of that effect to occur). For non-social 
macrodetritivores it simply represents the absolute difference between non-
social macrodetritivore decomposition and microbial only decomposition 
(occurrence = 1, as we assume they were always present). These impacts of 
termites and non-social macrodetrivores on decomposition rates were then 
rescaled by setting the maximum to 1 and scaling the rest appropriately, to 
obtain a relative impact of both macrodetritivore groups. We believe this 
is more informative then the absolute impact, whereas the latter is highly 
dependent on length of incubation, with increased probabilities of “termite 
attack” with longer periods, resulting in shifts in importance between social 
and non-social macrodetritivores. Therefore, changing incubation times will 
have a large effect on the absolute impact, while the relative effect is expected 
to be more robust. All statistical analyses were executed in R 3.1.2 (R 2014).
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Results

In total, 112 (8.4%) of the 1320 decomposition stations installed during this study 
were damaged by the abundant large mammals in the ecosystem (as white 
rhino, elephant). Of the remaining 1208 stations, 398 showed signs of termite 
presence (sheeting, 32.9%). All explanatory variables and most interactions 
significantly affected decomposition rates (details in Table S1) and explained 
ca. 60% of the variation in mass loss (LMM: Marg. R2=0.59, Cond. R2=0.62). We 
therefore decided to include only the three most important predictors in the 
further analyses: monthly rainfall (F1,1799=1286.3), mean monthly temperature 
(F1,1799=123.4) and detritivore group (F2,1799=436.1). Together, these three 
variables still explained more than half of the total variation in decomposition 
rate (LMM: Marg. R2=0.52, Cond. R2=0.58). 
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Fig. 2. Monthly decomposition rates across gradients of monthly rainfall (A) and mean monthly 
temperature (B) in the presence of microbes, non-social macrodetritivores and termites. Error bars 
indicate standard deviations.
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Microbial decomposition in absence of macrodetritivores overall increased 
with both monthly rainfall (LMM: df=631, t=12.2, P<0.001; Fig. 2A) and mean 
monthly temperature (t=3.88, P<0.001; Fig. 2B). In addition to this overall 
trend, the increase to some extent peaked at intermediate values of rainfall or 
leveled off toward higher mean temperatures (Fig. 2), statistically supported by 
negative quadratic terms for both monthly rainfall (t=-7.64, P<0.001) and mean 
monthly temperature (t=-3.52, P<0.001). 
Macrodetritivores significantly increased decomposition rates, with on average 
31% for non-social macrodetritivores (LMM: df=1840, t=9.25, P<0.001) and 
106% for termites (t=25.37, P<0.001; Fig. 2). However, the effect sizes differed 
across gradients of both rainfall and temperature (Fig. 2 and 3, see Fig. S3, S4).
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Fig. 3. Proportional “macrodetritivore effect” (relative to microbial decomposition) for non-social 
macrodetritivores and termites over gradients of monthly rainfall (A) and mean monthly temperature 
(B). A proportional “macrodetritivore effect” of 1 indicates no effect, > 1 indicates increased 
decomposition and < 1 indicates decreased decomposition in the presence of macrodetritivores 
compared to microbial decomposition.
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For the non-social macrodetritivores, absolute differences in decomposition 
rates compared to microbes only increased with rainfall resulting in a significant 
positive interaction term (LMM: df=1718, t=3.46, P<0.001), except for very high 
amounts of monthly rainfall (<120mm) where their effect again decreased 
(Fig. 2A). Consequently, the proportional macrodetritivore effect relative 
to microbial decomposition rates remained constant with rainfall for non-
social macrodetritivores (LM: F1,5=5.34, P=0.07; Fig. 3A). In contrast, absolute 
differences between termite and microbial only decomposition decreased 
with rainfall (t=-2.27, P<0.05; Fig 2A), resulting in a logarithmically decreasing 
proportional macrodetritivore effect for termites (LM: F1,5=106.7, P<0.001, 
R2=0.95; Fig. 3A). 
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Fig. 4. Incidence of termite attack (sheeting) of the decomposition stations over gradients of monthly 
rainfall (A) and mean monthly temperature (B). Dashed lines represent logistic regression lines based on 
1208 stations (32.9% sheeted).
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In response to temperature, absolute differences in decomposition rates 
between non-social macrodetritivores and microbes also increased (LMM: 
df=1836, t= 4.16, P<0.001) (Fig. 2B). Not surprisingly, we therefore found no 
change in proportional macrodetritivore effect with temperature for non-
social macrodetritivores (LM: F1,3=0.19, P=0.69; Fig. 3B). However, we found 
no significant termite x temperature interaction (t=1.64, P=0.10), indicating 
that the absolute increase in decomposition rate by termites compared to 
microbes did not vary with study interval temperature. The proportional 
macrodetritivore effect of termites decreased exponentially with temperature, 
but was just significant (LM: F1,3=9.52, P=0.05, R2=0.76; Fig. 3B).
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Fig. 5. Relative impact of non-social macrodetritivores and termites over gradients of monthly rainfall 
(A) and mean monthly temperature (B). Relative impact for termites is calculated as the absolute 
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(Fig. 4.). For non-social macrodetritivores it represents the absolute difference between non-social 
macrodetritivore decomposition and microbial decomposition. Both are rescaled by setting the 
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39806 Veldhuis, Michiel.indd   121 14-04-16   15:45



Chapter 6

122

6

Incidence of termite sheeting (overall ca. 32,9% of the stations) peaked around 
60 mm rainfall month-1 and decreased towards both higher and lower amounts 
of rainfall (GLM: X2=31.2, df=2, P<0.001; Fig. 4A). Furthermore, we found the 
proportion of sheeted stations to increase with temperature (GLM: X2=87.7, 
df=1, P<0.001; Fig. 4B). When we combined this data with the absolute effects 
of termites and non-social macrodetritivores on decomposition, we found that 
the relative impact of termites was highest between 40-60mm rainfall month-1 
while the relative impact of non-social macrodetritivores peaked between 80-
120mm rainfall (Fig. 5A). Furthermore, relative impact on decomposition rates 
of both groups of macrodetritivores increased with temperature (Fig. 5B).

Discussion

The main objective of this study was to test alternative hypothesis on the 
impact of different macrodetritivore groups on decomposition rates of different 
substrate types and microclimate under a wide range of spatiotemporal 
variability in rainfall and temperature (Fig. 1). Non-social macrodetritivores 
increased decomposition rates with ca. 31% and this proportional effect did 
not vary with rainfall or temperature (H1 in Fig 1). Thus, they strongly increased 
decomposition rates especially under optimal environmental conditions 
for microbial decomposition, whereas limited effects were found where 
temperature or moisture decreases microbial activity. In contrast, social fungus-
growing termites showed the opposite pattern, increasing decomposition 
most under water-limited conditions (both in absolute and proportional 
effect), thus stabilizing ecosystem processes by decoupling decomposition 
rates from spatiotemporal variability in rainfall (H2 in Fig 1). Although the 
proportional effect of termites on decomposition rates was also increased 
at low temperatures, their decreased activity made their overall impact on 
decomposition rates under decreased temperatures negligible. 

Our results on the microbial decomposition rates in absence of 
macrodetritivores generally followed predictions from global decomposition 
studies (Meentemeyer 1978; Berg et al. 1993; Aerts 1997; Cornwell et al. 2008; 
Makkonen et al. 2012), with faster decomposition towards higher rainfall 
and temperatures. A notable exception to generally accepted patterns, 
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however, is the relatively small observed effect of litter quality (i.e. C:N ratio) 
on decomposition rates. Perhaps, other litter quality traits, as concentrations 
of polyphenols, tannins or magnesium, would have shown stronger effects 
(Hättenschwiler & Vitousek 2000; Makkonen et al. 2012). Nevertheless, other 
recent studies on decomposition rates across climatic gradients in African 
savannas, using different quality indices, neither found clear effects of 
substrate quality (Tian et al. 2007; Davies et al. 2013). Possibly, low litter quality 
may be less limiting for microbial decomposition in warm tropical climates 
than in temperate or arctic conditions. Alternatively, the importance of fire as 
a non-selective consumer in these ecosystems (Bond & Keeley 2005) increases 
the relative costs of secondary metabolite production in comparison to other 
ecosystems. Consequently, alternative herbivore response strategies are more 
beneficial, like structural defenses (Wigley et al. 2015), or strong regrowth 
capacity (Scogings, Dziba & Gordon 2004), secondarily increasing litter quality 
for decomposition. 
Non-social macrodetritivores increased decomposition rates with 31% on 
average. Recent global experiments found similar trends, with increased 
decomposition in wet and warm climates, but neutral effects of soil fauna 
when temperature or moisture conditions constrain biological activity (Wall 
et al. 2008), with largest positive effects of macrodetritivores in temperate 
and tropical biomes (Makkonen et al. 2012). These ectothermic invertebrate 
decomposers are sensitive to water- and temperature-limited conditions (Curry 
2004; Hornung 2011), which explain their increased effects on decomposition 
across gradients of rainfall and temperature.
Social fungus-growing termites, on the other hand, increased decomposition 
rates relative to free-living microbes most strongly under water-limited 
conditions, both in a relative and absolute manner, following Hypothesis 2 
(Fig. 1). Their mounds likely provide a physiological steady state with constant 
temperatures (ca. 30oC) and severely increased moisture levels (ca. 100%) 
(Darlington et al. 1997; Korb 2003), that are ideal conditions for their fungal 
symbionts. By returning the substrates to their mounds, instead of locally 
decomposing the dead organic matter, they decouple the litter decomposition 
process from local environmental conditions at which the litter is produced. 
Therefore, in contrast to non-social macrodetritivores, termites may be viewed 
as “extended phenotype engineers” (Jones et al. 1994; Turner 2002; Jouquet et 
al. 2006). 
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The relative impact of both groups of macrodetritivores changed across the 
rainfall gradient, with increased impact of termites towards dryer conditions 
and larger effect of non-social macrodetritivores under higher rainfall. This 
suggests niche segregation between social and non-social macrodetritivores 
and is supported by the inverse correlation between termite (dry) and 
earthworm (moist) biomass found in a global comparative study (Fragoso 
& Lavelle 1992). Altogether our study provides experimental evidence that 
termites can increase the robustness of dryland ecosystems to climate change, 
supporting recent theoretical investigations (Bonachela et al. 2015).
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Supporting Information
Table S1. Linear mixed-effect model results for the effect on decomposition rate (percentage mass loss) 
in African savannas (monthly intervals). Random effects included station ID nested within site. 

dF F-value P-value
Monthly rainfall 1,1799 1286.3 <.0001
Monthly rainfall 2 1,1799 351.0 <.0001
Mean temperature 1,1799 123.4 <.0001
Mean temperature 2 1,1799 6.9 0.0084
Functional group 2,1799 436.1 <.0001
Substrate 2,156 40.7 <.0001
Vegetation type 2,156 19.7 <.0001
C:N ratio 1,1799 49.5 <.0001
Rainfall x Temperature 1,1799 130.1 <.0001
Rainfall x Functional group 2,1799 4.5 0.0106
Rainfall x Vegetation type 2,1799 10.1 <.0001
Rainfall x Substrate 2,1799 3.8 0.0207
Temperature x Functional group 2,1799 11.8 <.0001
Temperature x Vegetation type 2,1799 1.8 0.1583
Temperature x Substrate 2,1799 3.7 0.0241
Temperature x C:N ratio 1,1799 16.0 0.0001
Functional group x C:N ratio 2,1799 12.2 <.0001
Functional group x Substrate 4,1799 6.6 <.0001
Functional group x Vegetation type 4,1799 7.9 <.0001
Vegetation type x C:N ratio 2,1799 1.0 0.3633
Substrate x Vegetation type 4,156 5.4 0.0004

39806 Veldhuis, Michiel.indd   125 14-04-16   15:45



Chapter 6

126

6

Fig. S1. Decomposition stations used in this study. Photo credits: Michiel Veldhuis (upper) and Ruth 
Howison (lower)
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Fig. S2. Histogram of the categories for monthly rainfall and mean monthly temperature. 
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Grassland mosaics in a savanna are 
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Abstract 

Savanna grasslands are characterized by high spatial heterogeneity in 
vegetation structure, aboveground biomass and nutritional quality, with 
high quality short-grass grazing lawns forming mosaics with patches of tall 
bunch grasses of lower quality. This heterogeneity can arise because of local 
differences in consumption, because of differences in productivity, or because 
both processes enforce each other (more production and consumption).  
However, neither has the relative importance of both processes in maintaining 
mosaics of lawn and bunch grassland types in savannas been clearly measured, 
nor has their interplay been assessed across landscape gradients. In a South 
African savanna, we therefore measured the seasonal changes in primary 
production, nutritional quality and herbivore consumption of grazing lawns 
and adjacent bunch grass patches across a rainfall gradient. We found both 
higher amounts of primary production and, to a smaller extent, consumption 
for bunch grass patches. In addition, for bunch grasses primary production 
increased towards higher rainfall while foliar nitrogen concentrations 
decreased. In contrast, lawn grass productivity was independent from rainfall 
and foliar nitrogen concentrations decreased less towards higher rainfall. 
Consequently, consumption of bunch grasses by large herbivores shifted from 
high rainfall sites towards low rainfall sites as the growing season progressed. 
Furthermore, large herbivores made opportunistic use of grazing lawns, which 
they consumed as soon as biomass was produced.  We conclude that vegetation 
heterogeneity in this savanna ecosystem is better explained by small-scale 
differences in productivity between lawn and bunch grass vegetation types 
than by local differences in (quality-based) consumption rates. 
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Introduction

Savanna grasslands are characterized by high spatial heterogeneity, with a 
diverse species assemblage that exhibits a wide variety of plant traits. Based on 
these traits, two functionally distinct communities can be identified. Grazing 
lawn patches, existing of short stoloniferous grass species with high foliar 
nutrient concentrations (McNaughton 1984; Stock et al. 2010; Hempson et al. 
2014) and bunch grassland patches, consisting of tall and generally nutrient-
poor grass species. This differentiation results in lawn-bunch mosaics that exhibit 
high spatial heterogeneity in both food quantity and quality for herbivores 
and have important implications for other trophic levels. These mosaics can 
promote resource partitioning among savanna herbivores (Voeten & Prins 
1999; Farnsworth, Focardi & Beecham 2002; Olff et al. 2002; Cromsigt & Olff 
2006; Kleynhans et al. 2011; Kartzinel et al. 2015), buffer herbivore populations 
dynamics against temporal variation in resources (Fryxell et al. 2005; Wang et 
al. 2006) and affect grasshopper (Van der Plas, Anderson & Olff 2012) and bird 
community composition (Hovick, Elmore & Fuhlendorf 2014). Therefore, good 
understanding of the determinants of this type of spatial heterogeneity in 
vegetation structure is needed.
Previous research has given strong attention to explaining differences in 
nutritional quality between lawn and bunch grasses, emphasizing the key role 
for large grazing herbivores. Defoliation by grazers has been shown to increase 
foliar nutrient concentrations of lawn grasses through promoting fresh 
regrowth, keeping plants in a physiologically young active stage (McNaughton 
1976; Hik & Jefferies 1990; McNaughton et al. 1997a; Ruess et al. 1997). Also, 
local deposition of dung and urine acts as a natural fertilizer (Detling & Painter 
1983; Ruess & McNaughton 1984; Frank & McNaughton 1993; McNaughton et 
al. 1997b; Frank & Groffman 1998; Augustine et al. 2003). Furthermore, high 
litter quality, as a result of dominance of high nutritional quality grass species, 
results in high soil nutrient turn-over through fast decomposition rates (Wedin 
& Tilman 1990, 1996; Grime et al. 1996; Olofsson & Oksanen 2002; Sjogersten 
et al. 2012). Last, decreased soil moisture availability resulting from defoliation 
and soil compaction, through increased evaporation and decreased infiltration 
rates, by large herbivores can result in increased foliar nutrient concentrations 
(Veldhuis et al. 2014a). As large herbivores generally prefer higher quality 
forage, such nutritional quality differences that arise through either of these 
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mechanisms are expected to lead to differences in consumption rates by 
herbivores, promoting vegetation structural heterogeneity. 
In contrast, much less data are available on the importance of productivity 
differences between lawn and bunch grass-dominated patches in causing 
vegetation structural heterogeneity. Grazing lawn primary productivity 
remains at remarkably high levels under such high grazing intensities (Bonnet 
et al. 2010), sometimes even higher than less intensively grazed bunch grass 
patches under (spatially separated) similar rainfall conditions (McNaughton 
1985), probably as a result of compensatory growth or enhanced nutrient 
availability. In contrast, Veldhuis et al. (2014a) suggest that herbivore-induced 
drought in grazing lawns can reduce their productivity in comparison with 
adjacent bunch grasslands. 
It is evident that the spatial differences in amount of standing biomass 
(and hence heterogeneity) will be determined by a combination of spatial 
differences in primary production and herbivore consumption. However, the 
relative contribution of these two processes in the formation of grazing mosaics 
remains unknown. So far, primary production and herbivore consumption of 
lawn and bunch grasses have been studied in isolation or in spatially separated 
areas (McNaughton 1985; Person, Babcock & Ruess 1998; Bonnet et al. 2010) 
which makes it impossible to determine whether differences found are due 
to characteristics of both vegetation types or differences in environmental 
conditions (soil nutrients, water availability). This can only be done when rates 
of productivity and consumption of grazing lawns and nearby adjacent bunch 
grass patches are compared in the same ecosystem.
When planning such a comparison, it is important to note the original definition 
of grazing lawns as a distinct plant community with intrinsic trait differences 
related to dwarfing: e.g. short statured and often stoloniferous/rhizomatous 
species (McNaughton 1984). Heavily grazed areas/patches of inherently tall 
species (different structure) and grazing lawns (both different structure and 
different species composition) are often mixed up in the literature causing 
confusion on underlying mechanisms. For our study we adopt the original 
definition of grazing lawns, which are characterized by both a different 
vegetation structure and different species composition, of the stoloniferous 
growth form. 
Grassland productivity in tropical savannas is generally positively related to short 
term (Bonnet et al. 2010) and long term rainfall (McNaughton 1985; O’Connor, 
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Haines & Snyman 2001). Rainfall is highly variable in savanna ecosystems in 
both space and time (McNaughton 1985; Bonnet et al. 2010). Furthermore, plant 
developmental stages (vegetative growth, flowering, nutrient resorption) are 
expected to affect plant nutritional quality. For example, post-burn green flush 
of bunch grasses in the early wet season is known to attract large numbers of 
herbivores to these palatable highly productive areas (Wilsey 1996; Gureja & 
Owen-Smith 2002), while later in the wet season herbivores make profitable 
use of grazing lawns (Kleynhans et al. 2011; Yoganand & Owen-Smith 2014). 
Therefore, the relative importance of production and consumption differences 
between lawn and bunch grasses may vary along landscape rainfall gradients, 
and with the progression of the growing season.  
In this study, we therefore quantified along a landscape rainfall gradient the 
seasonal differences between nearby lawn and bunch grass patches in (i) 
primary productivity (ii) nutritional quality, (iii) herbivore consumption. This 
allowed the assessment of the relative importance of different mechanisms 
that cause vegetation heterogeneity in this savanna ecosystem. 

Materials and methods

We conducted our study in the the Hluhluwe–iMfolozi Park (HiP), (28◦00’–
28◦26’S, 31◦43’–32◦00’E) an 897-km2 reserve in KwaZulu-Natal, South Africa 
from September 2013 till July 2014. Mean annual rainfall ranges from ca. 500  
mm (iMfolozi) to over 900 mm (Hluhluwe), with a wet season spanning from 
October till March. Vegetation consists mostly of mixed patches of forest, 
grassland, thicket and savanna. Dominant large herbivores include white 
rhino (Ceratotherium simum), buffalo (Syncerus caffer), zebra (Equus burchelli), 
wildebeest (Connochaetes taurinus), warthog (Phacochoerus africanus) and 
impala (Aepyceros melampus) (Ezemvelo KZN Wildlife census data 2014, 
unpublished). 

Site selection and preparation
Seven sites were chosen based on rainfall maps to obtain large differences in 
annual rainfall between sites. Sites consisted of continuous layers of bunch 
grasses interspersed grazing lawns (Fig. 1). Lawn grass cover varied between 17 
and 40 percent with the exception of the two highest rainfall sites where lawn 
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grass patches were absent. Woody cover varied between 12 and 40 percent 
cover.

Fig. 1. Spatial heterogeneity in the grass layer of the an African savanna ecosystem in Hluhluwe-iMfolozi 
Park, South Africa. Photo credit: Michiel Veldhuis.

Fire is a common disturbance in African savannas, which affects primary 
production and consumption by herbivores. We chose to burn all the sites 
for two reasons. First, we wanted to create similar starting conditions for lawn 
and bunch grasslands. Grazing lawns typically have almost no above-ground 
biomass at the end of the dry season. Similar starting conditions for bunch 
grasses could be obtained by either clipping or burning, where we chose for 
the latter one for practical reasons since it has been demonstrated that burned 
and clipped treatments do not significantly differ in primary production (Van 
de Vijver, Poot & Prins 1999). Second, the median fire return period of the park 
is 1.3 years where on average annually over 25% of the park is burned. Large 
herbivores therefore can practically always choose to forage in burned areas, 
which is likely the case due to the “magnet effect” of the green flush (Archibald 
et al. 2005). To compare consumption rates between lawn and bunch grasses 
we therefore judged it would be more appropriate to burn the sites at the onset 
of the experiment. Most sites (n=5) and their surrounding were burned as part 
of the park management plan. The remaining two sites (the lowest and highest 
in rainfall) were burned down resulting in ca. 75x75m burned area surrounded 
by unburned vegetation.  
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Rainfall
Rain gauges were installed at every site and emptied once every two weeks. A 
few ml of sunflower oil was poured into the rain gauge to prevent evaporation. 
We used rain gauge data from nearby sites to fill gaps in rainfall data in case 
rain gauges were destroyed by animals and subsequently installed new rain 
gauges. Rainfall data were summed in periods to synchronize them with 
measurements on primary production and consumption.

Primary production and consumption
Primary production and consumption of both lawn and bunch grasses were 
quantified using movable cages (McNaughton et al. 1996). On each site, we 
established three iron cages of 1 x 1 x 1 m on both lawn and bunch grass areas. 
These areas were identified based on species composition and associated 
difference in vegetation structure, where lawn grass areas were dominated 
by Digitaria longiflora, Sporobolus nitens, Panicum coloratum, Urochloa 
mosambicensis, Dactyloctenium australe and Cynodon dactylon. Bunch grass 
areas were dominated by Sporobolus pyramidalis, Themeda triandra, Eragrostis 
curvula, Panicum maximum, Digitaria eriantha, Setaria sphacelata, Cymbopogon 
excavatus, Hyparrhenia filipendula, Chloris gayana and Bothriochloa insculpta. 
Each iron cage was wrapped in chicken wire netting (2.5 cm mesh) to prevent 
access to all herbivores larger than mice, and fixed to the ground using tent 
pegs on the bottom to prevent toppling. At the start of the experiment 
aboveground biomass in an area of 40x40 cm just next to the cage was clipped 
to determine initial biomass (initial). Subsequently, at the end of each sample 
period both inside (caged) and outside (grazed) the cage another 40x40 cm 
area was clipped after which the cage was moved to a comparable area within 
the same vegetation type. For subsequent sample periods biomass clipped 
in the grazed treatment was used as the initial biomass estimate for the next 
period. Periods between moving the cages differed from 20 to 42 days between 
September 2013 and May 2014, with shorter periods during the wet season 
where production and consumption were expected to be highest. A final 
measurement was taken halfway July 2014 in the middle of the dry season. All 
clipped biomass samples were labeled and taken back to the laboratory where 
they were dried (48 h at 70 oC), weighed, and ground (Foss Cyclotec, 2 mm).
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Chemical composition
Carbon (%C) and nitrogen (%N) content of aboveground biomass were 
estimated using a Bruker near-infrared spectrophotometer (NIR, Ettlingen) 
using a multivariate calibration of foliar samples measured both on the NIR 
and CHNS EA1110 elemental analyzer (Carlo-Erba Instruments, Milan). Cross-
validation showed these NIR predicted C and N content are highly accurate 
(R2=95.7 for N, R2=92.9 for C, N=1759).

Data analysis

Data preparation
Aboveground net primary productivity (ANPP) was calculated as the difference 
in dry weight biomass inside the cage at the end of a sample period and 
the initial biomass outside the cage at the start of each period. Herbivore 
consumption was calculated as the difference in dry weight biomass inside and 
outside the cage at the end of each period. We averaged primary productivity 
and consumption at each site for each time period to deal with spatial pseudo-
replication and to overcome problems in calculating annual and cumulative 
productivity and consumption due to missing data (9 out of 288 cage periods) 
as a result of cage toppling. Annual productivity and consumption were 
calculated for the periods between September and May, since we found mostly 
negative production rates for the last period (May-July)(Online Resource 1). We 
therefore judged measurements from this latter period as unreliable, likely as a 
result of grasses dying off during the dry season. 
All statistical analyses described below started with full models and used 
backwards stepwise removal of non-significant terms to obtain final models. 
Quadratic terms were added for the explanatory variables rainfall and 
production, since we expected the effect sizes to decrease towards specific 
thresholds. In all models, assumptions of equal variances between vegetation 
types were violated and we modeled equal variances following Zuur et al. 
(2009) using the “varIdent” function within the “nlme” package (Pinheiro et 
al. 2014). Statistical analyses used to test for differences between vegetation 
types, only the 5 sites where both vegetation types were present were 
used. We also constructed separate models for lawn and bunch grasslands 
when vegetation types showed significant interactions to obtain additional 
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insight in observed patterns. Furthermore, conditional and marginal R2 were 
calculated following Johnson (2014). All statistical analyses were executed in 
R 3.1.2 (R 2014).

Primary productivity
We studied the effect of rainfall and vegetation type on primary productivity 
in two ways: annual primary production (from September to May) and periodic 
primary production (using every period as separate data points). Annual 
primary production was modeled using analysis of covariance (ANCOVA) with 
vegetation type and annual rainfall as explanatory variables. Subsequently, we 
constructed a linear mixed effect model (LMM) for periodic primary production 
with corresponding rainfall periods and vegetation type as fixed effects. Time 
was used a random effect with Cage ID nested within Site to deal with the 
temporal pseudo-replication (repeated measured over time resulting in non-
independent errors).  

Nutritional quality
Logarithmic transformations of foliar N content and C:N ratios were highly 
correlated (R2=0.99). We therefore decided to use foliar N content as a measure 
of nutritional quality for further analyses and used log-transformation to meet 
assumptions of normality. LMM’s were used to investigate effects on nutritional 
quality throughout the season. Fixed effects were vegetation type, periodic 
and cumulative rainfall and all interactions. Time was used as a random effect 
with Cage ID nested within Site. 

Herbivore consumption
Herbivore consumption was analyzed in similar way as primary production 
with two response variables (annual consumption and periodic consumption). 
ANCOVA was used to investigate the effect of vegetation type and annual 
production on annual herbivore consumption. Subsequently, LMM was 
constructed to test the dependence of periodic consumption, with Time as 
random effect and Cage ID nested within Site. For periodic consumption we 
used vegetation type, periodic production, foliar N content and all interactions 
as fixed effects. 
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Table 1. Overall model results for the effect of vegetation type, amount of rainfall on primary productivity 
and C:N ratio. Furthermore, model results on the effect of vegetation type, primary production and C:N 
ratio on herbivore consumption. Adjusted (Adj.) R2 are given for ANCOVA models, whereas Conditional 
(Con.) and Marginal (Mar.) R2 represent the explained variation for Linear Mixed Effect Models.

Response 
variable

Explanatory 
variables

Adj. 
R2

Con. 
R2

Mar. 
R2

DF Estimate F P-value

Annual 
production

0.90 3,6 28.1 <0.001

Vegetation type 661.4 57.5 <0.001
Annual rainfall 2.65 13.0 0.01
Annual rainfall 2 NS
Veg. type x Ann. 
rainfall

-2.69 13.8 <0.01

Periodic 
production

0.29 0.26

Vegetation type 1,4 -68.5 16.5 0.01
Periodic rainfall 1,59 0.82 19.7 <0.001
Periodic rainfall 2 NS
Veg. type x Per. rainfall NS

Log [N] 0.69 0.61
Vegetation type 1,4 0.058 12.8 0.02
Periodic rainfall 1,65 0.001 6.7 0.01
Cumulative rainfall 1,65 -0.001 116.4 <0.001
Veg. type x Per. rainfall NS
Veg. type x Cum. 
rainfall

1,65 0.0006 6.5 0.01

Per. Rainfall x Cum. 
rainfall

NS

Annual 
consumption

0.83 3,6 16.0 <0.01

Vegetation type -505.3 28.1 <0.01
Annual production -0.05 0.6 0.43
Veg. type x Ann. 
production

1.02 19.3 <0.01

Periodic 
consumption

0.56 0.47

Vegetation type 1,4 6.32 7.1 0.05
Periodic production 1,56 0.61 29.8 <0.001
Log [N] 1,56 -9.09 11.7 <0.01
Veg. type x Per. 
production

NS

Veg. type x Log [N} NS
Per. Production x Log 
[N]

1,56 -0.58 7.0 0.01
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Results

Primary production
Overall, periodic primary productivity of both lawn and bunch grasses over 
was strongly positively related to periodic rainfall (Table 1; Fig. 2B). Lawn 
grasses produced 0.82 g m-2 mm-1 rainfall, but did not produce biomass below 
14.6 mm rainfall (x-intercept Fig. 2B). Bunch grasses showed similar increases 
in productivity with periodic rainfall (no significant interaction), but was 68.5 
g m-2 more productive than lawn grasses, irrespective of rainfall. However, we 
did find a significant interaction term between vegetation type and rainfall 
for annual production (Table 1). Closer investigation on separate models per 
vegetation type (Table 2) shows that annual production in bunch grasses was 
positively related to annual rainfall, but leveled off with increasing amounts 
of rainfall towards a threshold of ca. 1000 g m-2 (Fig. 2A,C; Table 2, significant 
negative quadratic term). Annual aboveground production of lawn grasses 
was not related to annual amount of rainfall (Fig. 2A, Table 2). 

Nutritional quality
Foliar N contents were higher for lawn than bunch grasses at any rainfall (Table 
1; Fig. 3). Periodic rainfall had no effect (Fig. 3B), whereas cumulative rainfall 
decreased foliar N content and this was also consistent in models for lawn and 
bunch grasses separately (Fig. 3A, Table 2). The difference in foliar N content 
between the vegetation types was small at the onset of the season (0.18% at 0 
mm), but increased with cumulative rainfall, where foliar N content decreased 
faster for bunch than for lawn grasses (0.36% at 500 mm)(Fig. 3A).

Herbivore consumption
Annually, herbivores consumed more bunch than lawn grasses (Table 1, Fig. 
4A). Nevertheless, periodic consumption did not differ between the vegetation 
types, although it was nearly significant (Fig. 4B, P=0.05). Separate models for 
lawn and bunch grasses showed a very strong relationship between annual 
lawn grass production and consumption, but not for bunch grasses (Table 2). 
An explanation for this discrepancy between short and long-term production 
on consumption rates of bunch grasses can be found in the relationship 
between cumulative production and consumption (Fig. 4C). There is a strong 
positive relationship with consumption up to about 500 g m-2 grass production, 
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Fig. 2. Above-ground primary production for lawn (black) and bunch grasses (grey) over a full growing 
season from September 2013 till May 2014. Primary production was measured using movable cages 
that were moved every 4-6 weeks. A) Annual primary productivity for each of the seven sites. Sites are 
ordered by rainfall (see Online Resource 1 for actual amounts of annual rainfall). B) Periodic production 
as a function of periodic rainfall. C) Cumulative production against cumulative rainfall.
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but above that threshold this dependency disappears (Fig. 4C).  This indicates 
a strong relationship between primary production and consumption early in 
the growing season (low amounts of cumulative rainfall), while later on in the 
season this relationship is not any longer apparent (Table 1).
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Fig. 3. Foliar N concentrations against cumulative rainfall (A) and periodic rainfall  (B), representing short 
and long term effects of rainfall on plant nutritional quality for lawn (black) and bunch grasses (grey).
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Fig. 4. Herbivore consumption for lawn (black) and bunch grasses (grey) over a full growing season from 
September 2013 till May 2014. Herbivore consumption was measured using movable cages that were 
moved every 4-6 weeks. A) Annual herbivore consumption for each of the seven sites. Sites are ordered 
by rainfall (see Fig. 4 for actual amounts of annual rainfall). B) Periodic consumption as a function of 
periodic production. C) Cumulative consumption against cumulative production. Solid lines in B and C 
represent both grass vegetation types, as they did not significantly differ from each other.
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Seasonal patterns
Rainfall, primary production, nutritional quality and herbivore consumption 
were not equally distributed throughout the season, yet peaked at specific 
points in time (Online Resource 1). Bunch grasses were more productive in 
each part of the growing season – in the early, middle and late growing season 
(Fig. 5A-C). Furthermore, although there seemed to be a pattern of increased 
productivity at intermediate rainfall sites in the middle wet season (Fig. 5B), 
we only found significant differences in productivity between sites in the 
late wet season, with increasing productivity with rainfall (Fig. 5C, see Online 
Resource 2 for corresponding amounts of rainfall). Herbivore consumption was 
only significantly different between vegetation types in the middle wet season 
(Fig. 5E), with increased consumption of bunch grasses compared to lawn 
grasses. Interestingly, we did find differences between sites in all three periods. 
Consumption was highest at high rainfall sites in the early wet season (Fig. 5D), 
at intermediate rainfall sites in de the middle wet season (Fig. 5E) and at low 
rainfall sites in the late wet season (Fig. 5F). Therefore, grass consumption by 
herbivores shifted down the rainfall gradient as the growing season progressed.

Discussion

Our objective was to explore the relative importance of productivity and 
(quality-driven) consumption differences in determining spatial heterogeneity 
of lawn and bunch grasses in this African savanna. We found that difference 
in productivity were the main driver of vegetation heterogeneity, where 
bunch grasses were more productive. Smaller differences were found in grass 
consumption between the two grass vegetation types, but consumption was 
higher for bunch grasses, and can therefore not explain the spatial heterogeneity 
in vegetation types. Similar to findings of earlier studies (McNaughton 1985; 
O’Connor et al. 2001; Bonnet et al. 2010) we found that periodic primary 
productivity was strongly dependent on rainfall for both vegetation structural 
types. In addition, we found a negative effect of cumulative rainfall on grass 
nutritional quality. Furthermore, consumption by large herbivores seemed 
mostly limited by primary productivity, but above a threshold of approximately 
500g m-2 (only exceeded by bunch grasses, Fig. 4C) consumption rates levelled 
off. 
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Our estimates of grazing lawn productivity (0.82 g m-2 mm-1 rainfall) were 
close to those found by Bonnet et al. (2010)(0.77 g m-2 mm-1 rainfall) but our 
bunch grasslands were much more productive than lawn grasslands, under 
similar rainfall conditions. This difference is unlikely to be explained by intrinsic 
differences between grass functional types, whereas greenhouse studies have 
shown that under controlled conditions lawn grasses have actually higher 
relative growth rates (Van der Plas et al. 2013) while showing no differences 
to bunch grasses in defoliation tolerance (Anderson et al. 2013). Herbivore-
induced changes in infiltration and evaporation rates, creating local dry 
conditions in grazing lawn soils (Veldhuis et al. 2014a), may explain their 
decrease in primary productivity compared to adjacent bunch grass areas. 
Furthermore, the productivity rates of bunch grasslands that we measured are 
relatively high compared to other studies (e.g. McNaughton 1985; O’Connor 
et al. 2001). This may be explained by differences in methodology, whereas 
O’Connor et al. used ungrazed areas to measure productivity and McNaughton 
used canopy spectroreflectance to estimate changes in above-ground biomass 
(i.e. productivity). Our moveable exclosure method may be more precise and 
reflect true productivity values (McNaughton et al. 1996). Furthermore, our 
study removed all above-ground biomass by means of burning at the start of 
our study, which may have enhanced initial nutrient availability. 

Differences in consumption rates of different vegetation types are generally 
explained from plant nutritional value differences. As also found in other studies, 
we found higher nutritional quality for lawn grasses than for bunch grasses 
(Stock et al. 2010; Hempson et al. 2014). Furthermore, we found that plant 
nutritional quality became lower towards higher rainfall, as generally observed 
in African rangelands and savannas (Breman & Dewit 1983; Olff et al. 2002) 
and declined throughout the growing season. The long-term negative effect 
of rainfall on nutritional quality can be explained through larger investment 
in structural plant properties under increased rainfall conditions and plants 
maturation throughout the season (Olff et al. 2002; Zhang et al. 2013), which is 
more apparent for bunch than lawn grasses. In addition, the lower decrease in 
tissue N in lawn grasses with the onset of the dry season may be explained by 
less nutrient translocation from the leaves in these species. 
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Our results on seasonal consumption patterns indeed suggest that herbivores 
responded to the temporal variation in primary productivity and nutritional 
quality. They first targeted the high quality highly productive bunch grasslands 
at higher rainfall areas during the early wet season. This behavior is known as 
the “magnet effect” (Archibald et al. 2005), where fire draws grazing animals of 
grazed patches to the “green flush” and has been shown in savanna systems 
worldwide (Wilsey 1996; Tomor & Owen-Smith 2002). Subsequently, as the 
growing season progressed, herbivore consumption increased at lower rainfall 
sites and decreased at higher rainfall sites. This is probably a result of decreased 
foliar N concentrations with increasing cumulative rainfall that occurs faster 
at higher rainfall sites (higher cumulative rainfall). At the same time, large 
herbivores started consuming lawn grasses in an opportunistic way, where 
they consumed lawn grasses as soon as biomass was produced. This close 
synchronization between high quality resource production and utilization of 
grazing lawns indicates their importance to large herbivores (Bonnet et al. 2010). 
This corresponds well with studies on resource use in both Kruger (Yoganand 
& Owen-Smith 2014) and Serengeti (McNaughton 1985) that revealed high use 
of grazing lawns from middle wet to early dry season. 

We chose to study the determinants of spatial heterogeneity in the grass layer 
of savannas using a burned starting condition. Firstly, this excluded potential 
differences between sites that were caused by a difference in fire history (and 
associated nutritional quality). In addition this represents the situation with the 
smallest differences in both vegetation height and nutritional quality between 
lawn and bunch grasses. This allowed us to follow the differentiation in both 
vegetation height and nutritional value and the factors that affect both which 
was the objective of this study. Nevertheless, starting with an unburned bunch 
grass layer will likely affect its nutritional value, productivity and consumption. 
Burned vegetation has higher foliar nutrient concentrations as a result of 
increased leaf:stem ratios, rejuvenation of plant material and distribution of 
similar amount of nutrients over less above-ground biomass (Van de Vijver et al. 
1999). Therefore, starting with unburned bunch grasses would probably have 
increased the differences in nutritional quality, which is in line with the patterns 
we found in this study. Consequently, herbivores are expected to be less attracted 
to bunch grasses due it’s lower nutritional value (lower N concentrations)
(McNaughton 1985; Moe, Wegge & Kapela 1990; Wilsey 1996) and lower mass 
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gains (increased vegetation height) (Anderson, Smith & Clenton 1970; Woolfolk 
et al. 1975). These effects of fire on grass nutritional quality are generally short-
lived (2-3 months) (Van de Vijver et al. 1999) and therefore it is expected that 
consumption rates of unburned bunch grasses might resemble the situation 
in last months of our study. Effects of fire on grass productivity are mixed, with 
generally increased productivity in mesic areas (Mott & Andrew 1985; Seastedt, 
Briggs & Gibson 1991; Morgan & Lunt 1999), possibly a result of increased light 
availability. In contrast, decreased productivity is found in (semi-)arid areas 
(Scanlan 1980; Hodgkinson 1986; Defosse 1987; Bennett, Judd & Adams 2003), 
attributed to increased water stress. Consequently, it is expected that bunch 
grass primary productivity at our two semi-arid sites would have been higher 
if we started with unburned bunch grasses and lower at the remaining mesic 
sites. As the differences that we found between lawn and bunch grasses were 
smallest at the semi-arid sites and very large at the mesic sites, we don’t expect 
it would have altered our conclusions, yet remains to be tested. 

Conclusion
Our study highlighted important differences between grazing lawns and 
bunch grasslands, where bunch grasslands showed much higher productivity, 
but lower nutritional value. These differences in productivity between 
lawn and bunch grass-dominated vegetation patches were identified as a 
more important determinant of this small-scale spatial heterogeneity than 
differences in consumption rates between patch types. Also, both productivity 
and nutritional quality were strongly affected by rainfall, contributing to spatial 
and temporal differences in resource heterogeneity through affecting animal 
movement. 
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Supporting Information

Fig. S1. Seasonal variation in rainfall, aboveground primary production, nutritional quality and 
herbivore consumption for lawn and bunch grasses. Different lines indicate averages per site per period 
where colors represent annual amount of rainfall.
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Fig. S1. Continued
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Abstract

Woody vegetation is key to the functioning of savanna ecosystems. The last 
two decades has yielded useful insight on how the average cover of woody 
vegetation at larger spatial scales varies with regional climatic and ecological 
conditions. However, the same average woody cover for a larger region can be 
realized by different types of local patchiness, and the causes of this variation still 
remain largely unknown. In a South African savanna, we quantified variation in 
local patchiness as the lacunarity of woody cover on satellite-derived images. 
Using Random Forest regression we analyzed how both average woody cover 
and its patchiness depend on annual rainfall, fire frequency and grazer and 
browser metabolic biomass densities. Fire frequency and rainfall were the 
clearest predictors, whereas effects of large herbivores on woody vegetation 
were smaller and more complex. Under low rainfall conditions (500 mm yr-1) 
trees had less total cover and were more regularly spaced across the landscape 
(lower patchiness). Woody cover and vegetation patchiness increased with 
rainfall whereas fire frequency decreased woody cover and further increased 
patchiness. This suggests a switch from competition between neighboring 
trees under low rainfall conditions towards benefits among neighbors with 
increasing rainfall. We discuss that a good understanding of the functioning 
and diversity of savanna ecosystems requires a separate understanding of the 
determinants of overall woody cover and its patchiness.  
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Introduction

Problems of pattern and scale are central for the understanding of ecosystems 
(Levin 1992; Ritchie 2009). Savannas are broadly characterized as tree-grass 
mixtures at the landscape scale, but at finer scales they are heterogeneous 
landscapes characterized by a continuous grass layer interspersed with 
discontinuous patches of woody canopy (Frost et al. 1986; Scholes & Archer 
1997). This woody cover can range from sparse but widespread trees or 
shrubs to larger stretches of closed-canopy woodlands alternating with 
pure grassland. The nature of spatial patchiness (dispersed or aggregated) of 
woody canopy across the landscape strongly affects many community and 
ecosystem processes, including nutrient cycling (Sitters et al. 2013, 2015), 
herbivore distributions (WallisDeVries, Laca & Demment 1999; Kie et al. 2002), 
fire percolation (Archibald et al. 2009; Beckage, Platt & Gross 2009; Schertzer, 
Staver & Levin 2015), fire-herbivore interactions (Kerby, Fuhlendorf & Engle 
2007), predator-prey interactions (Riginos & Grace 2008; Riginos 2015), soil 
erosion (Reid et al. 1999) and evapotranspiration (Joffre & Rambal 1993). In 
turn, ecological processes shape the spatial patterning of woody vegetation 
across the landscape. Given the geographic extent and socio-economic 
importance of savannas (Frost et al. 1986; Scholes & Archer 1997), combined 
with their anticipated sensitivity to climate and land use change (Scheiter & 
Higgins 2009; Hirota et al. 2010; Anadon, Sala & Maestre 2014; Midgley & Bond 
2015), a thorough understanding of the drivers of the main aspects of spatial 
patterns of woody vegetation is urgently needed.
 
Spatial patterns in woody vegetation can be described by two independent 
parameters:  the coverage or amount of woody species biomass per surface 
area at larger spatial scales (i.e. the tree-grass ratio) and the degree of local 
patchiness or clustering of woody species across the landscape, given 
a particular total cover at the landscape scale. Most research so far has 
investigated the determinants of the landscape-level percentage woody 
cover, yielding important insights in the functioning of savanna ecosystems 
(Sankaran et al. 2005, 2008; Bucini & Hanan 2007; Staver et al. 2011a; Lehmann 
et al. 2014). Generally, woody cover increases along regional rainfall gradients, 
whereas fire negatively affects woody cover. Interestingly, this negative effect 
of fire on woody cover becomes stronger at higher rainfall (Bucini & Hanan 
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2007; Bond 2008; Lehmann et al. 2014), due to increased fire frequency and 
intensity as a result of increased fuel loads (more dead grass left standing at 
the start of the dry season). Therefore, grasslands and forests can form two 
alternative stable states at higher amounts of annual rainfall (1000-2500 mm yr-

1) (Staver et al. 2011a). Soil nutrients, soil texture and large grazer and browser 
biomass have also been found to significantly affect woody cover, but effect 
sizes are generally much smaller (Sankaran et al. 2005, 2008).  
In contrast to the understanding of the determinants of overall woody 
cover, insight into the determinants of its local patchiness remains limited. 
Nevertheless, this patchiness, especially patch size, is an important landscape 
characteristic, as the strength of local feedback mechanisms generally 
increase non-linearly with woody patch size (Ludwig, Wiens & Tongway 
2000). For example, as woody patch size increases, important resources like 
nutrients and water, become increasingly concentrated inside those patches 
(Ludwig et al. 2000). Similarly, woody species inside larger patches are better 
protected against fire as trees jointly outshade grasses (Hochberg, Menaut & 
Gignoux 1994). Therefore, better understanding of the determinants of woody 
patchiness is now needed to complement insights on the drivers of total 
woody cover. 

Spatial investigations of ecological phenomena, such as woody cover 
distributions, can be dependent on the spatial scale (or measurement resolution) 
and extent of the observations (Turner 1989) or can be independent of this, 
e.g., in case of fractal patterns (Ritchie & Olff 1999). Spatial variance generally 
decreases with scale, resulting in higher predictability of observed patterns 
with increasing spatial scale (Wiens 1989). Furthermore, mechanisms and 
pattern types can be scale dependent (Saab 1999; Kie et al. 2002) and predictor 
variables might operate at different spatial scales (Levin 1992). Herbivore effects 
on trees and shrubs can be very localized, whereas fire and rainfall generally 
perform at much larger spatial scales (Frost et al. 1986). Therefore, testing the 
robustness of conclusions on drivers of spatial patterns across different spatial 
scales is critical (Wiens 1989). 
 
Here, we investigate how patchiness of woody vegetation is affected by annual 
rainfall, fire and large grazer and browser metabolic biomass densities in 
Hluhluwe-iMfolozi Park, South Africa, in addition to have these factors affect 
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overall cover. We used park-wide maps of woody vegetation distributions 
(resolution 0.5 m), derived from satellite imagery and investigated the spatial 
patterns in woody vegetation at four spatial resolutions (100, 250, 500 and 1000 
m) to examine pattern robustness across spatial scales. Besides identifying 
the determinants of woody vegetation patchiness, the main objective of this 
study, we also analyzed determinants of percentage woody cover to enable 
a comparison with previous studies. Last, we used obtained model results to 
predict woody patchiness and cover for the whole park and compared those 
with observed patterns of woody vegetation.

Fig. 1. Google Earth satellite images (provided by DigitalGlobe [26-3-2014 and 8-5-2014]) and three 
woody cover classifications based on different threshold cutoff values for the green band (90, 95, 100), 
where a cutoff values of 90 means that all values lower than 90 are classified as woody. Four landscapes, 
characterizing the extremes found in terms of landscape structure are shown. A) Low woody cover and 
low normalized lacunarity. B) Low woody cover and high normalized lacunarity. C) High woody cover 
and low normalized lacunarity. D) High woody cover and high normalized lacunarity. Woody cover 
estimates from MODIS are given for comparison. WC = woody cover, L* = normalized lacunarity.
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Methods

Study site
This study was done for Hluhluwe-iMfolozi Park (HiP), South Africa. This 900 
km2 game reserve hosts a variety of large herbivores that are present in high 
numbers (Waldram et al. 2008). Mean annual rainfall is correlated with altitude 
and ranges from ca. 500 mm in iMfolozi to 900 mm in Hluhluwe (Balfour & 
Howison 2002). Vegetation structure varies from open grasslands and thickets 
to closed fine-leaved and broad-leaved woodlands (Whateley & Porter 1983). 
On average, 26% of the park is burnt annually and the mean fire return period 
is 3.8 y (Balfour & Howison 2002). 

Woody cover
Woody cover distribution for HiP was estimated using satellite derived color 
images (26 March 2014 for iMfolozi and 8 May 2014 for Hluhluwe, ca. 0.5m 
resolution) from Google Earth using Google Earth Pro (Google 2015). We used 
the green band to distinguish between woody and non-woody vegetation; trees 
and shrubs generally show higher greenness than herbaceous vegetation. We 
visually investigated different cutoff values for high greenness and found that a 
threshold of 95 (out of the relative color scale of 0-255 (RGB)) best represented 
the observed woody patterns when compared with the satellite derived color 
image. This threshold is somewhat arbitrary, and the percentage woody cover 
observed would increase with a higher threshold value. Nevertheless, patterns 
of woody cover distributions for different cutoff values are highly correlated 
and only differ slightly quantitatively, whereas observed levels of patchiness 
are qualitatively similar (see Fig.1). Therefore, the actual choice of threshold 
value does not affect our conclusions. 
 
Rainfall
An 180 m resolution rainfall map for the park was used based on ground stations 
and regression kriging, with methods described in Veldhuis et al. (2014a).  

Fire frequency and return interval
Annual recordings by park rangers (ground-based hand drawn maps) of areas 
burnt between 1955 and 2011 were digitized and rasterized into 1 ha (0.01km2) 
pixels (Balfour & Howison 2002). Subsequently, these layers of annual fire 
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extent were used to determine fire return interval (in years) and fire frequencies 
(number of burns between 1955-2011) for the whole park (100m resolution). 

Dung counts
Dung counts were used to estimate large herbivore abundance (Cromsigt et 
al. 2009). We used 24 fixed line transects from min. 3.9 to max. 10.4 km length 
that are used biannually by observation teams to monitor the abundance of all 
large herbivore species within the park (Fig. 2) (see Cromsigt et al. 2009 for more 
details on transect methods). Dung counts were conducted by observation 
teams between October and November 2014, recording the number of all 
dung pellet groups for all herbivore species larger than hare on and within 1 
m on each side of the transect. Pellet groups were summed per species for 
every 5 meter of transect length and their position was georeferenced. For 
white rhinoceros, that mostly defecate in middens, all middens visible from the 
transect were counted.

Fig. 2. Outline of Hluluwe-iMfolozi park showing the positioning of the 24 transects and  enlargements 
of a small area to display the study design of the four different spatial scales.

Spatial scale and variables
We created rectangular polygons covering 50 m on both sides of each transect 
(100 m total width) and with different lengths (100, 250, 500 and 1000 m) to 
investigate the effect of spatial scale on patchiness estimates (Fig. 2) using 
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ArcGIS Desktop 10.2 (ESRI 2011). Within each polygon we extracted mean 
rainfall, fire frequencies and fire return interval from the obtained maps (see 
above). To get an estimate of herbivore use for each polygon we summed all 
dung counts per herbivore species per polygon and combined this value (used 
as a relative measure of herbivore density) with the total number of individuals 
of that species within HiP (absolute herbivore densities (Census data 2014, 
Ezemvelo KZN Wildlife, unpublished)), assuming that the average number of 
dung counts reflected average species densities across the park, and that the 
transects are an representative sample of the different habitats of the park (Fig. 
2). We divided the total number of each herbivore species by the total area 
of the park (ha) times the area covered by the polygons (ha) for each spatial 
scale, representing the number of animals that would occupy the area covered 
by the polygons. For each species, that number of animals was then divided 
by the total number of dung counts (representing the number of animals 
per dung count) times the dung counts for each polygon (representing the 
number of animals per polygon). The obtained values of animals per polygon 
were then expressed as metabolic biomass density MDB (in kg0.75 ha-1) for each 
species as MBD=(N∙B0.75)/A, where N is the count of a species, B is the body mass 
per individual of that species (kg), and A is the polygon area (ha). The body 
masses for different species (average over sexes and life stages) were taken 
from Smith et al. (2003). We then summed the MDB’s of grazers and browsers 
to get an estimate of area usage by both herbivore functional groups. African 
buffalo (Syncerus caffer), warthog (Phacochoerus africanus), blue wildebeest 
(Connochaetes taurinus), white rhinoceros (Ceratotherium simum) and Burchell’s 
zebra (Equus burchellii) were treated as obligate grazers, while grey duiker 
(Sylvicapra grimmia), giraffe (Giraffa camelopardalis), greater kudu (Tragelaphus 
strepsiceros) and black rhinoceros (Diceros bicornis) were identified as obligate 
browsers (Codron & Codron 2009). African elephant (Loxodonta africana) 
was assumed to be a mixed feeder (50% grazer, 50% browser (Codron et al. 
2011). Impala (Aepyceros melampus) was considered a mixed feeder, but as a 
preferential grazer (75% grazer, 25% browser) and nyala (Tragelaphus angasii) 
a mixed feeder, as a preferred browser (25% grazer, 75% browser) based on 
stable isotope analyses (Botha & Stock 2005; Codron & Codron 2009).
The average woody cover (%) was calculated as the mean of all pixel values of 
the woody cover map within each polygon using ArcGIS Desktop (ESRI 2011)
ranging between 0 and 1 where 1 denotes 100% woody cover. Patchiness 
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of woody vegetation was calculated as the lacunarity of the spatial pattern 
(Mandelbrot 1983; Allain & Cloitre 1991; Plotnick et al. 1996). Lacunarity is 
measure for how a pattern fills space, where patterns with more and larger 
gaps generally have a larger lacunarity. Stemming from the French lac (lake), 
a forest with more or larger lakes would have a higher lacunarity. For this 
we used a gliding box algorithm, with box sizes of r = 1, 3, 5, 9, 17, 33 and 
65 (1r is approximately 0.5m). Lacunarity can be expressed as Lacunarity can be expressed as ! " = $%&(()

$(()&

parameter as !∗ " = / 0 ( 1/2
2 312

 in 
which  and  represent the mean and variance of the pixel values for box size 
r, respectively (Plotnick et al. 1996). Therefore, lacunarity is dependent on, in 
our case, the percent woody cover. The lacunarity parameter therefore needs 
to be normalized, to acquire two independent measures of woody vegetation 
patterns. We therefore follow the approach of Roy et al. (2010), normalizing the 
lacunarity parameter as 

Lacunarity can be expressed as ! " = $%&(()
$(()&

parameter as !∗ " = / 0 ( 1/2
2 312  where L*(r) is the normalized lacunarity 

at box size r, φ is the percent woody cover (0-1) and thus 1/φ is the lacunarity 
at box size 1. We then plot the normalized lacunarity curves as a function of 
box size (see Appendix S1 in Supporting Information for the curves of the 4 
examples in Fig. 1). To obtain a single value for normalized lacunarity for each 
polygon we took the average of box sizes 3, 5, 9, 17, 33 and 65, resulting in 
values ranging between 0 and 1 with higher values representing a higher 
degree of woody patchiness (i.e. clustered) and lower values representing 
regular spaced woody vegetation (see Fig. 1).

Data analysis
We analysed the dependence of the normalized lacunarity and average woody 
cover on rainfall, fire, large grazer and browser metabolic biomass at all 4 
spatial scales (100, 250, 500 and 1000 m). We started the analysis with fitting 
variograms using standard routines in the “geoR” package (Appendix S2) 
(Ribeiro Jr & Diggle 2001), to determine the extent of spatial autocorrelation of 
the dependent variables. 
We then analysed relationships between our response variables (normalized 
lacunarity and woody cover) and the 4 predictors of woody cover (i.e. rain, fire, 
grazer MBD and browser MBD) using Random Forest regression (Regression 
forests), package “randomForest” (Liaw & Wiener 2002). Random forest (RF) 
regression is a machine learning method that operates through construction 
of a large number of regression trees by randomly taking subsets of the data 
and predictor variables (Breiman 2001). The large benefit over conventional 
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techniques such as standard linear model multiple regression is that regression 
trees accommodate for non-linear relationships between predictor and 
response variables and are invariant to monotonic changes in, and correlations 
between the explanatory variables. We calculated 2000 trees for each spatial 
scale using 90% of the data and tested their goodness of fit on the remaining 
10%. RF models are less easily visualized and interpreted than standard 
Regression Trees but do have the opportunity to determine the importance 
of each predictor variables and partial dependences. The importance of each 
variable calculated using permutation tests, in which the values of a variable 
are randomly rearranged, followed by a calculation of the increase in mean 
squared error. The larger this increase, the more important the variable. Partial 
dependence plots show the response to a predictor variable averaged over the 
distribution of the other predictors. 
As RF is a relative new technique (especially in ecology), it is largely unknown 
how sensitive it is to spatial autocorrelation. Therefore, we also analysed our 
data using linear mixed models with location as random variable, correcting for 
the spatial autocorrelation structure using the ‘corRatio’ (normalized lacunarity) 
and the ‘corExp’ (woody cover) functions, from the “nlme” package in R (Zuur et 
al. 2009; Pinheiro et al. 2014). These correlation structures were chosen based 
on AIC criteria. We started with full models with all 4 explanatory variables and 
their two-way interactions. Backward steps wise model selection procedures 
were used based on the BIC criteria (Schwarz 1978). We chose BIC over AIC 
criteria because of the large sample sizes (n= 1784 for 100m resolution) and 
BIC tends to be more conservative against overfitting. 
Last, we used these RF models based on the transects data to make park-wide 
predictions (500 m resolution) of normalized lacunarity and woody cover 
based on our park-wide maps of rainfall and fire frequencies. Subsequently, 
these maps were validated with the observed normalized lacunarity (google 
earth) and woody cover (based on Google Earth and MODIS). Moderate 
Resolution Imaging Spectroradiometer (MODIS) satellite measurements of 
canopy reflectance were obtained from the MOD44B Collection 5 product 
(Townshend et al. 2011).  Prediction accuracy was determined by intersecting 
1000 randomly generated points with all maps and subsequently linear 
regressions models were constructed between predicted and observed values. 
All statistical analyses were executed in R.3.2.2 (R 2015).
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Table 1. Relative importance values of the different predictor variables for explaining normalized 
lacunarity and woody cover. Importance values represent the percentage increase in mean squared 
error when values for the particular predictor are randomly assigned throughout the dataset. To obtain 
relative importance values, the most important predictor was assigned a value of 100 and the others 
were scaled appropriately. Models represent 2000 random trees based on 90% of the dataset and were 
validated on the remaining 10% of the dataset to obtain a measure of goodness of fit (% Var Exp).

Normalized lacunarity Woody cover
100m 250m 500m 1000m 100m 250m 500m 1000m

Annual rainfall 96 98 76 75 100 100 100 100
Fire return interval 100 100 100 100 91 87 63 53
Grazer MBD 40 9 39 34 18 14 16 15
Browser MBD 28 -4 4 -9 51 65 74 100

%Var Exp 10 13 24 31 42 35 44 39

Results

Patchiness of woody vegetation
Relative importance values for normalized lacunarity (i.e. degree of patchiness) 
identified fire return interval as the most important predictor variable for all 
spatial scales (Table 1). Rainfall was also an important predictor, almost similarly 
important as fire at smaller spatial scales. Grazer MBD was also significant 
but its importance was much smaller, whereas browsers MBD did not affect 
normalized lacunarity at all but the smallest spatial scale (100 m). The overall 
variance explained by the RF model increased with spatial scale from 10% 
(100 m) to 31% (1000 m) based on cross validation. Linear models generally 
showed similar results as RF models with the exception of rainfall at smaller 
spatial scales, where it turned non-significant (Table 2). An explanation for this 
discrepancy can be found in the partial dependence of normalized lacunarity 
on the different predictor variables. For larger spatial scales (500 and 1000 
m) there was a more or less linear positive dependence on rainfall indicating 
that woody vegetation became more patchy towards higher rainfall (Fig. 3). 
However, at the two smaller spatial scales (100 and 250 m) this trend became 
non-linear, with no apparent effect between 500 and 650 mm, then a steep 
increase towards 700 mm followed again by no effect between 700 and 850 
mm rainfall per year. The linear models used likely had problems capturing 
these non-linear effects. Furthermore, normalized lacunarity decreased with 
fire return interval between 2 and 5 years after which it had no apparent effect. 
Grazers had a positive effect on normalized lacunarity and browsers showed a 
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complex non-linear relationship, which matches with their low importance in 
explaining normalized lacunarity. 

Table 2. Results of linear models with spatial autocorrelation structure for woody cover and normalized 
lacunarity for the 4 spatial scales of the study. Standardized coefficients are given for all significant 
predictors obtained by backwards steps wise procedure and comparison of BIC values. Marginal and 
conditional R2 were estimated following Johnson 2014.

Normalized lacunarity Woody cover
100m 250m 500m 1000m 100m 250m 500m 1000m

Annual rainfall NS NS 0.027 0.042 0.079 0.094 0.118 0.019
Fire freq. 0.019 0.036 0.033 0.030 -0.088 -0.088 -0.097 -0.092
Grazer MBD 0.006 0.009 0.017 0.021 NS NS NS NS
Browser MBD NS NS NS NS 0.013 0.039 0.055 0.127
Rainfall x Fire NS NS NS NS -0.030 -0.023 NS NS
Rainfall x Grazer NS NS NS NS NS NS NS NS
Rainfall x Browser NS NS NS NS 0.011 0.017 0.023 0.058
Fire x Grazer NS NS NS NS NS NS NS NS
Fire x Browser NS NS NS NS NS NS NS NS
Grazer x Browser NS NS NS NS NS NS NS NS

Marginal R2 0.04 0.13 0.26 0.37 0.23 0.33 0.45 0.51
Conditional R2 0.05 0.14 0.28 0.40 0.23 0.34 0.46 0.53
BIC -4077 -1341 -607 -272 -2202 -658 -323 -146

Percentage woody cover
Rainfall was the most important predictor of percentage woody cover, followed 
by fire return interval, browser MBD and grazer MBD at smaller spatial scales 
(100 and 250m) (Table 1). In general, the patterns were similar when analysed at 
different spatial scales. The proportion of variation explained was higher than for 
normalized lacunarity and similar across spatial scales (ca. 40%), following cross 
validation. Linear models also revealed rainfall, fire return interval and browser 
MBD as significant predictor variables for woody cover (Table 2). However, 
the presence of significant interaction terms made it hard to determine their 
relative importance. The significant negative interaction between rainfall and 
fire indicates a stronger negative effect of fire on woody cover under increased 
rainfall conditions (at 100m and 252m resolution). Similarly, browser MBD 
showed a stronger positive relationship with woody cover under high rainfall 
conditions. Grazer MBD was identified as non-significant, in contrast to the RF 
models. Partial dependence plots showed clear patterns between woody cover 
and the four predictor variables that were similar at all spatial scales (Fig. 4). 
Woody cover increased linearly with rainfall. Fire return interval had a positive 
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eff ect on woody cover between 2 and 5 years, whereas it was no longer aff ected 
by a further increase in years between fi res. Grazer MBD negatively infl uenced 
woody cover at low to intermediate densities, after which woody cover again 
increased. Browser MBD was positively related to woody cover, suggesting 
an opposite causal direction, i.e. woody cover determined the distribution of 
browsers instead of vice versa.

Fig. 3. Partial dependence of normalized lacunarity on rainfall (mm yr-1), fi re return interval (yrs), grazer 
and browser metabolic biomass densities (kg0.75 ha-1) at four diff erent resolutions (100m, 250m, 500m 
and 1000m). The plots show the relationship between the response and each of the explanatory 
variables, corrected for the other predictors. Deciles of the data are presented as small black tick marks 
on the x axis. Normalized lacunarity increased with rainfall between 600 and 750 mm yr-1, while it 
decreased with fi re return interval between 2 and 4 yrs with no eff ect for higher return intervals. 
Normalized lacunarity seems to be positively related to Grazer MBD, whereas it showed a complex non-
linear relationship with Browsers MBD.

Park-wide predictions and observations
Fire and rainfall were thus identifi ed as the most important predictors of both 
normalized lacunarity and percent woody cover. Therefore, we were able to 
use the park-wide maps of annual rainfall and fi re frequency as input for the 
obtained RF models created using the transect data to extrapolate the observed 
patchiness outside the transects, enabling a verifi cation of the predictions
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outside the study region. We used Google Earth and MODIS (only woody cover 
percentage) for this (Fig. 5). Landscapes with high normalized lacunarity (green 
areas upper panel, high amount of clustering) are found in the parts of the 
park that exhibit a combination of high rainfall and high fire frequency. High 
percentage woody cover is found under the high rainfall conditions with low 
fire frequencies up in the north of the park and intermediate woody cover 
is found in the Hluhluwe basin. These predictions correspond nicely to the 
observations from Google Earth and MODIS. It is important to note that the 
maps of normalized lacunarity and percentage woody cover are not equal 
indicating that both variables are independent from each other and all four 
possible combinations of high/low rainfall and high/low fire frequency can be 
found within the park and represent very different landscapes (Fig.1).

Fig. 4. Partial dependence of woody cover on rainfall (mm yr-1), fire return interval (yrs), grazer and 
browser metabolic biomass densities (kg0.75 ha-1) at four different resolutions (100m, 250m, 500m and 
1000m). Woody cover increases with rainfall between 500 and 800 mm yr-1. Woody cover also increases 
with fire return intervals between 2 and 5 yrs, but has no effect above the threshold of 5 yrs. Woody 
cover decreased between low and intermediate grazer MBD but increased again with higher grazer 
MBD’s. Browser MBD was positively associated with woody cover up to about 15 kg0.75 ha-1 above which 
there was no longer apparent effect. Patterns were similar for all resolutions.
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Fig. 5. A) Maps of fi re frequency and annual rainfall for Hluhluwe-iMfolozi Park. B)Predicted and 
observed normalized lacunarity (top row) and woody cover (bottom row) for Hluhluwe-iMfolozi Park. 
Predictions were modeled by Random Forest regression based on data from 24transects across the park 
followed by regression-kriging based rainfall and fi re frequency maps for the park. Observed maps were 
constructed using Google Earth and MODIS. R2’s denote the explained variance of the observed map by 
our predicted values.  

Discussion

The main objective of this study was to investigate the determinants of 
patchiness of woody vegetation, in addition to drivers of average woody 
cover. Fire and rainfall were identifi ed as the most important predictors, both 
increasing woody vegetation patchiness. Grazers also signifi cantly increased 
patchiness, although their eff ect size was much smaller. Furthermore, 
percentage woody cover increased with rainfall, whereas fi re negatively 
aff ected woody cover. Browsers showed a strong positive relationship with 
woody cover. Patterns were generally robust across spatial scales (between 
100 and 1000m). Furthermore, results from Linear Models (including spatial 
autocorrelation) were overall similar to Random Forest models, although they 
failed to identify non-linear relationships. 

Shifts in woody vegetation patterns across the rainfall gradient
Under low rainfall conditions, we found decreased woody cover that was more 
regularly spaced across the landscape. This regular spacing, or over-dispersion, 
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of trees and bushes can be interpreted as an outcome of competitive 
interactions (Pielou 1962; Greig-Smith 1983). Belowground competition for 
water under these water-limited conditions is not unlikely where savanna 
trees often exhibit root systems that extend laterally well beyond their crowns 
(Belsky 1994; Scholes & Archer 1997; Schenk & Jackson 2002) and plants in arid 
environments tend to have increased lateral root spread (Casper, Schenk & 
Jackson 2003). Indeed, empirical evidence for tree-tree competition generally 
comes from more arid savannas (<650mm MPA) (e.g. Smith & Goodman 
1986; Meyer et al. 2008; Moustakas et al. 2008). Furthermore, not surprisingly, 
percentage average woody cover increased with rainfall (Sankaran et al. 2005, 
2008) and woody vegetation patchiness increased, probably as a result of 
reduced competition for water between trees. Additionally, fire decreased 
woody cover (Bond et al. 2003; Bond 2008) and further increased patchiness of 
woody vegetation, which is consistent with previous findings (Barot, Gignoux 
& Menaut 1999; Kennedy & Potgieter 2003). The resulting landscape under 
high rainfall conditions hosts two well-known alternative stable states, self-
stabilizing through positive feedback mechanisms (Langevelde et al. 2003; 
D’Odorico, Laio & Ridolfi 2006; Hanan et al. 2008; Staver et al. 2011a): 1) large 
patches of closed canopy woodlands, that protect themselves from fire, 2) large 
open grassland areas where frequent burning prevents woody establishment. 
Altogether this suggests that from low to high rainfall the savanna landscape 
changes from a low number of regular spaced trees driven by tree-tree 
competition for water (Fig. 1A), to large patches of closed canopy cover driven 
by tree-tree facilitation in protection against fire (Fig. 1D).

Large herbivores and the need for experimental testing
The correlative nature of the present study and its relatives on determinants 
of woody cover can result in interpretability problems where the direction of 
causality is not always clear. This is generally no problem for rainfall and only 
limited for fire, as fire and percentage woody cover occupy a double negative 
feedback relationship (under high rainfall conditions), with fire decreasing 
woody cover (Trapnell 1959; Louppe, Ouattara & Coulibaly 1995; Bond 2008) 
and woody cover decreasing fire extend (Archibald et al. 2009). Furthermore, 
woody vegetation patchiness is positively related to fire frequency (Hochberg 
et al. 1994) and vice versa, whereas a more homogeneous grass layer increasing 
fire percolation probabilities. However, for large herbivores this becomes a 
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bit more problematic, and therefore proper experiments in which grazing is 
excluded are needed to gain insight in the underlying mechanisms to explain 
causal relationships between woody patchiness, percent cover and herbivore 
distributions. 
Three recent studies investigated the effect of herbivore exclusion on woody 
biomass and all conclude strong negative effects of browsers on woody biomass 
(Sankaran et al. 2013; Staver & Bond 2014) and seed production (Goheen et al. 
2010). Furthermore, grazers negatively affect grass biomass, that theoretically 
positively affect woody species due to reduced tree-grass competition and 
reduced fire effects (Cramer, van Cauter & Bond 2010; February et al. 2013). 
We found that grazers avoided and browsers preferred patches with high 
woody cover  at low and intermediate population densities, suggesting that 
woody cover determined herbivore distributions over the park instead of vice 
versa). Nevertheless, the pattern changed to grazers positively correlating 
with trees at higher grazer densities, in agreement with an African-wide study 
(Sankaran et al. 2008), possibly due to a change in direction of causality, where 
high grazer densities increase woody cover. Altogether this suggest that the 
effect sign is different between herbivore functional groups and woody cover, 
with grazers increasing woody cover (reduced grass competition and fire), 
but woody cover decreasing grazer densities (reduced food and increased 
risk perception) and browsers decreasing woody biomass (consumption), but 
woody biomass increasing browser densities (food availability). Therefore, 
correlative studies are very useful to gain first insight and generate hypothesis 
on the relationships between woody patchiness, cover and their determinants, 
but fail to explain the mechanisms that cause the observed patterns, especially 
for large herbivores. Similarly, it remains to be seen whether grazers increase 
woody vegetation patchiness, or prefer areas with patchy woody vegetation.

Conclusion
Overall, our study identified fire frequency and annual rainfall as the most 
important determinants of woody vegetation patchiness across multiple spatial 
scales (100 – 1000 m). Under low rainfall (500 mm yr-1) woody species were 
more regularly distributed across the landscape. With increasing rainfall (900 
mm yr-1), not only percentage woody cover increased, but also the patchiness 
of woody vegetation, that was further increased by more frequent fires. These 
patterns were interpreted as a shift from tree-tree competition for water at low 
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rainfall towards tree-tree facilitation in protection against fire at high rainfall 
conditions. Large herbivores only had limited effect on woody patchiness (and 
cover), but we stress the importance of careful designed long-term experiments 
to gain insight in the mechanisms behind the observed patterns.
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Supporting Information

Fig. S1. Normalized lacunarity curves of the four landscapes displayed in figure 1.
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woody cover (B) indicating the distance at which there is no spatial autocorrelation in the data. 
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Introduction

In this thesis, I aim to contribute to a better understanding of ecosystem 
organization, using African savanna ecosystems as a generalized example. 
Therefore, I have reviewed and developed the concept of ecological autocatalysis 
that can potentially be used as a general framework to describe the structure 
and organization of most, if not all, ecosystems (Chapter 2). Subsequently, I 
studied the practicality of the concept in an African savanna by investigating 
the strength of biotic feedbacks (Chapter 3-5) and consumer-resource linkages 
(Chapter 6,7), the two key aspects of the concept of ecological autocatalysis.  
Then, I explored how the concept can be useful in explaining observed  
vegetation patterns and spatial heterogeneity of the landscape (Chapter 7, 8).  
In this final chapter, I synthesize the insights from the preceding 6 chapters 
with the overall scientific literature and put them in the framework presented 
in chapter 2. Hence, I investigate the usefulness of the concept of ecological 
autocatalysis in the description and understanding of real ecosystems. Thus,  
what promise does ecological autocatalysis hold for improving our  
understanding of ecosystem organization?

Interplay of different autocatalytic loops in African 
savannas

Savanna ecosystems are characterized by a co-existence of grasses, i.e. lawn 
grasslands and bunch grasslands, and woody vegetation (Scholes & Archer  
1997), with a patchy spatial structure. The classic view is that the relative 
abundance of these vegetation types is a result of many different factors, 
including resources like water (Sankaran et al. 2005) and nutrients (McNaughton 
1988), consumers, like grazers (McNaughton 1984) and termites (Freymann 
& Olff 2009; Sileshi et al. 2010), and disturbances such as fire (Bond & Keeley 
2005). Does it yield to view savanna heterogeneity as the result of the interplay 
of multiple sets of species that form alternative autocatalytic loops?

Three main alternative autocatalytic loops can be distinguished in African 
savannas that are characterized by different sets of participating species  
(Fig. 1). Loop H (Herbivore loop) consist of large herbivore grazers that mainly 
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consume leaves of nutritious (lawn) grasses (Bell 1971; McNaughton 1984)  
and produce resources in cooperation with their symbiotic bacteria in their 
digestive tract. Nutrients are returned to the soil via feces and dung feeding 
beetles (wet season) or termites (dry season) (Freymann & Olff 2009) and 
used again by (lawn) grasses. Loop F (Fire loop) is found when tall nutrient-
poor (bunch) grasses are mainly consumed by fire. Fire partly returns the 
nutrients back to the soil, where it is taken-up by bunch grasses, while a part 
of the nutrients are lost due to combustion, run-off and leaching (Robertson & 
Rosswall 1986; Hayes & Seastedt 1989; Kauffman et al. 1993). Loop D (Detritivore 
loop) is formed by woody vegetation which litter is mainly consumed by 
macrodetritivores (Odum & Biever 1984; De Angelis 1992; Hairston & Hairston 
1993; Polis & Strong 1996). Macrodetritivores (especially earthworms, isopods 
and termites) provide resources (fine detritus) for their symbiotic gutflora, and 
(fragmented detritus mixed with feces) for free living microbes, which again 
produce resources for woody species.

Biotic feedback redistributes abiotic resources

Whereas consumer-resource interactions form the backbone of autocatalytic 
loops, species within each loop interact in multiple ways (Olff et al. 2009), 
thereby changing local environmental conditions for other species. Species 
within each loop can improve local conditions for their own population or 
conversely, decrease suitability for competing species. How does this work out 
for the three distinguished loops in African savannas?

Autocatalytic loops in African savannas can feedback on the two key 
environmental drivers of ecosystem structure and functioning: water and 
nutrient availability (Coe, Cumming & Phillipson 1976; Bell 1982; East 1984; 
Caley & Ramsey 2001; Olff et al. 2002; Sankaran et al. 2005; Staver et al. 2011a; 
Staver, Archibald & Levin 2011b), which result in a redistribution of resources. 
Small initial differences in soil water or nutrient availability between 
neighboring sites can become larger and larger due to these feedbacks, 
loosening the connection with regional environmental gradients (Chapter 5) 
and strengthen the interactions within an autocatalytic loop. For instance, in 
the detritivore loop, savanna woody vegetation is often referred to as fertile 
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Fig. 1. Representation of three distinct autocatalytic sets of species in African savannas. Within each 
autocatalytic loop species promote each other by providing resources and changing environmental 
conditions. Between loops negative feedbacks occur resulting in competition between autocatalytic 
loops at the ecosystem scale.

islands with increased soil water availability. Shade reduces soil temperatures 
and evaporation so that soil moisture levels remain higher beneath canopies 
(Belsky et al. 1989, 1993; Belsky 1994; Holdo & Mack 2014). Also, reduced soil bulk 
densities, improved water infi ltration and increased nutrient availability 
are reported (Roos & Allsopp 1997), in turn facilitating the abundance of 
macrodetritivores with strong ecosystem engineering properties. Furthermore, 
trees may act as pumps which bring nutrients from deep soil layers to the 
surface (Campbell et al. 1988). Also, nutrient enrichment of soils beneath 
trees is the result of animal activity (e.g. defecation by herbivore grazers) that 
is concentrated in and around large trees (Dean et al. 1999). Overall, loop 
D clearly exhibits attributes of centripetality, increasing both nutrient and 
water availability, locking nutrients into the system, resulting in a more 
closed nutrient cycle (Chapter 5).
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In the fire loop, the high fuel load of dead standing biomass of bunch grasses, 
it is often ‘consumed’ by fire during the dry season (Bond & Keeley 2005). 
Repetitive burning imposes high nutrient losses of especially nitrogen (Boerner 
1982; Kauffman et al. 1995; Caldwell et al. 2002) and therefore decreasing 
nutrient availability, resulting in a nitrogen limited bunch grass vegetation 
(Chapter 5; Cech et al. 2008; Ratnam et al. 2008). The effect of fire on water 
availability in African savanna ecosystems remains unclear, but studies from 
other ecosystems show that fire can decrease soil water availability through 
increased evaporation rates and higher soil water repellence (MacDonald & 
Huffman 2004). However, these effects are generally small and short-lived, 
suggesting that the overall effect of fire on soil water availability is negligible 
(Iverson & Hutchinson 2002; Hubbert et al. 2006). Thereby, loop F decreases soil 
nutrient availability and does not affect water availability. 
In the herbivore loop, two feedback mechanisms are considered regarding 
water availability. First, grazing by large herbivores opens up the vegetation 
and leads to more bare soil, which increases soil temperature and hence soil 
evaporation, creating drier conditions (Thurow 1991). Second, large herbivores 
trample the soil while grazing, resulting in soil compaction, especially on fine-
textured soils. Compact soil has a reduced water holding capacity (Lipiec & 
Hatano 2003; Pietola et al. 2005; Batey 2009), reduced infiltration rate (Hamza & 
Anderson 2005) and an increased runoff (Batey 2009). Together, both feedback 
mechanisms result in reduced water availability in heavily grazed areas, such 
as grazing lawns (Chapter 3). Furthermore, large herbivores can increase 
the nutrient availability to grasses (Ruess & McNaughton 1984; Augustine et 
al. 2003), via deposition of urine and dung. Nevertheless, universality of this 
pattern is questionable whereas large herbivore effect on nutrient availability 
clearly depends on soil texture (Schrama et al. 2013b) and herbivore functional 
group, where we found that mesograzers indeed increase nutrient availability 
on grazing lawns, but this effects was overridden by the negative effect of the 
megaherbivore white rhinoceros (Chapter 4). Therefore, loop H will decrease 
soil water availability and has differential effects on soil nutrient availability.

Summarizing, loop D increases both water and nutrient availability, loop F 
decreases nutrient availability and loop H decreases water availability (Fig. 
2A). Where loop D pulls resources into the system and therefore displays 
autocatalytic behavior, this centripetality is absent from loop F and H. In fact, 
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they only “loose” resources, questioning the autocatalytic nature of the loop. 
Nevertheless, positive feedbacks between species within an autocatalytic 
loop can also result from negative effect on competing species that are part 
of alternative loops, where a double negative feedback has similar effects as a 
direct positive effect. 

Negative feedbacks between autocatalytic loops

Besides feedbacks within each autocatalytic loop, interactions between loops  
are apparent. When multiple loops are present in close vicinity, it is the 
autocatalytic nature of these loops that results in negative feedback interactions 
between loops. Do we find evidence for this ecosystem-level competition 
between the different autocatalytic sets of species?

The most apparent negative interaction found in African savannas is a double 
negative feedback between woody species (Loop D) and fire (Loop F) that is 
especially found under higher rainfall conditions (Fig. 1).  Woody vegetation is 
often able to suppress fire, through decreasing grass biomass (Scholes 2003; 
Lloyd et al. 2008) and subsequent decreased probabilities of fire percolation 
(Hennenberg et al. 2006; Archibald et al. 2009). In turn, fire suppresses tree 
cover (Chapter 8; Swaine, Hawthorne & Orgle 1992; Moreira 2000; Bond 2008),  
through limitation of sapling recruitment (Higgins, Bond & Trollope 2000; 
Hoffmann & Solbrieg 2003). In addition, direct competition between bunch 
grasses (e.g. for light) and saplings decreases sapling growth rates (February et 
al. 2013). Overall, the double negative feedback results in two alternative stable 
states in savanna ecosystems (Staver et al. 2011a; b). 
Furthermore, grass consumption by grazers can reduce fuel load for fire 
(Waldram et al. 2008) and thereby loop H negatively affects loop F (Fig. 1). More 
importantly, large herbivores induce a specific stress (e.g. defoliation, soil 
compaction, Chapter 2), to which lawn grasses (Loop H) are better adapted 
than bunch grasses (Loop F). Whether defoliation or soil compaction is the 
more important process or whether the combination of both stresses is needed 
is still unclear whereas both defoliation (Anderson et al. 2013) and drought 
experiments (Van der Plas et al. 2013) were not able to show a competitive 
differences between the two grass vegetation types. Nevertheless, exclosure 
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Fig. 2. A) A spatial map with areas dominated by diff erent loops. Nutrient and water are distributed 
between the areas though feedbacks within the loops. B) Expected patch size distribution and C) 
autocatalytic loop strength across a rainfall gradient. Colors and letters correspond with Figure 1.

studies generally show that grazing lawns disappear when large herbivores are 
excluded (Verweij et al. 2006; Novellie & Gaylard 2013; Hempson et al. 2014), 
suggesting that the overall positive feedback (or double negative feedback) is 
larger than the direct negative eff ect of defoliation.  
Besides these intensively studied negative feedbacks between loops, 
additional negative feedbacks might be present. For example, loop F might 
negatively aff ect loop H when large burnt areas draw large grazing herbivores 
off  lawn grass patches (the so-called “magnet eff ect”), therefore disrupting 
the feedback between large grazers and lawn grasses, potentially resulting 
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in the disappearance of grazing lawns (Archibald et al. 2005). Also, loop D 
might negatively affect loop H as large herbivores might avoid areas with 
increased density of woody individuals due to higher perceived predation risk, 
better known as the “landscape of fear” (Riginos & Grace 2008; Riginos 2015). 
Similarly, loop H might negatively affect loop D where large herbivores trample 
and defoliate tree saplings. However, evidence for these negative feedbacks 
between loops remains scarce and need further investigation.

Overall, these observations  yield two important insights. First, loop D exhibits 
clear autocatalytic behavior, including centripetality, in the way described by 
Ulanowicz (1997, 2009a). However, Loop H and F lack this accumulative effect 
on resources, but still represent autocatalytic loops as the double negative 
feedback is stronger than the direct negative effect. Fire and large grazing 
herbivores impose a specific disturbance (plant biomass removal, trampling) 
or stress (drought) to which the vegetation type in their loop is best adapted, 
resulting in a competitive advantage over vegetation types from other loops. 
In turn, the vegetation types stimulate the disturbance and stress through 
increasing the likelihood of a fire or defoliation event, resulting in a positive 
feedback loop. 
Second, when all three loops negatively feedback on each other (as represented 
in Fig. 1), this automatically results in an indirect positive feedback between 
each loop through a double negative feedback with the remaining loop. This 
is best exemplified by bush encroachment studies, where intense grazing by 
large herbivores decreases fire frequency/intensity that subsequently provides 
opportunities for woody saplings to establish (Roques, O’Connor & Watkinson 
2001). The strength of all these feedbacks depend on the spatial distributions 
of the loops and change across environmental gradients in non-linear ways, 
and therefore represents a major objective for future research.

Spatial distribution of the autocatalytic loops across a 
rainfall gradient

In African savannas, the key environmental drivers of large scale variation in 
ecosystem structure and functioning  are water and nutrient availability (Coe et 
al. 1976; Bell 1982; East 1984; Caley & Ramsey 2001; Olff et al. 2002; Sankaran et 
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al. 2005; Staver et al. 2011a). Rainfall mainly determines water availability, while 
soil fertility depends on the parent material mineral richness. Therefore, large 
scale spatial distribution of the autocatalytic loops is likely to be determined 
by rainfall (Fig.2B) and parent material mineral richness. In this thesis, I mainly 
focused on the effect of rainfall. The sites were selected across a rainfall 
gradient, but the differences in soil nutrient content were small.  So, for now, 
I will only discuss the spatial distribution of the autocatalytic loops across a 
rainfall gradient. 

Plant biomass increases with rainfall in the absence of consumers (Polis 
1999; Caley & Ramsey 2001; Olff et al. 2002). However, with increasing water 
availability, plants invest more in structural support and protection against 
herbivory (McNaughton et al. 1985; Olff et al. 2002). The resulting decrease in 
nutritional quality is unattractive for large herbivores (Gordon & Illius 1996). 
Consequently, dominance of loop H is expected in low-rainfall areas (Bell 1971, 
1982; East 1984; McNaughton et al. 1989; Fritz & Duncan 1994; Mduma, Sinclair 
& Hilborn 1999; Dobson & Foufopoulos 2001), due to the higher nutritional 
quality of (lawn) grasses. Indeed, median grazer densities peak at ca. 650 mm 
annual rainfall (Hempson et al. 2014) and we found maximum percentage 
cover of grazing lawns around 595 mm rainfall yr-1 (Chapter 5). Also, the size of 
individual grazing lawns decreases with rainfall (personal observation).
In contrast, under high rainfall conditions, a bi-stable system is found, where 
either loop D or F dominates (Staver et al. 2011a). Maximum woody cover 
increases towards about 700 mm annual rainfall (Chapter 5; Sankaran et al. 
2005). However, up to over 2000 mm of annual rainfall, disturbances such 
as fire are able to restrict tree cover to far below its potential (Sankaran et al. 
2005; Hirota et al. 2011; Staver et al. 2011a), resulting in dominance of bunch 
grasslands with frequent high intensity fires (Trapnell 1959; Bond & Keeley 2005; 
Govender, Trollope & Van Wilgen 2006). Also, the spatial patterning changes 
across the rainfall gradient, with increased clustering of both vegetation types 
with rainfall resulting in larger patches under high rainfall conditions (Chapter 
8, Fig. 2B). 
Scaling rules predict that the strength of feedbacks becomes increasingly 
greater as patch size increases (Ludwig et al. 2000). Therefore, feedback strength 
of each individual loop is expected to follow the patch size distributions. 
Consequently, at intermediate rainfall a local coexistence of multiple loops is 
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expected in which the loops promote their own abundance through positive 
feedback loops, but none of the loops is strong enough to outcompete the 
other, resulting in the characteristic high spatial heterogeneity found in African 
savanna ecosystems. 

Fungus-growing termites

The functional importance of termites in savanna ecosystems is undisputed 
(Wood & Sands 1978; Freymann & Olff 2009; Fox-Dobbs et al. 2010; Pringle et al. 
2010; Sileshi et al. 2010; Gosling, Olff & Cromsigt Joris 2014). Their importance 
increases towards dryer conditions, due to their unique mound building 
behavior, which buffers adverse microclimatic conditions, and symbiosis with 
fungi inside their nests (Rouland-Lefevre 2000), whereas other macrodetritivores 
and free-living microbes decrease their activities (Chapter 6). It has been 
widely shown that termites occupy an important role in soil fertility through the 
decomposition of dung (Freymann et al. 2008). Subsequently, herbivores often 
prefer to feed in close proximity of termites mounds (Mobaek, Narmo & Moe 
2005) due to increased soil nutrient concentrations and associated increased 
foliar nutrient concentrations. Consequently, erosion from termites mounds 
stimulates the development of grazing lawns that are often associated with 
termite mounds (Gosling et al. 2012). In fact, this can be seen as an additional 
feedback mechanism that is a special case of loop H. 
However, termites feed on many different substrates, including dead wood 
(Bignell, Roisin & Lo 2010). In turn, termite mounds can from an ‘island’ with 
increased tree densities, due to fire protection and increased nutrient and 
water availabilities (Loveridge & Moe 2004). So, they also seem to form an 
additional positive feedback loop within loop D. As far as I know, it is generally 
unknown to what extent the different species of termites are generalists or 
specialists regarding their food source (dung, litter, wood). Therefore, it seems 
premature to determine whether termites connect loop H and D (generalists) 
or can be split up into different feeding guilds that are part of either loop H or D 
(specialized). In either case, they seem to be especially important under (spatial 
or temporal) dry conditions (Chapter 6).
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Avenues of future work

In this thesis I have further developed a promising concept to describe 
ecosystem organization, i.e. ecological autocatalysis. I have applied this 
concept to African savanna ecosystems and quantified additional feedbacks, 
flows and spatial patterning. I believe this has increased our insight into the 
structure and functioning of African savannas and probably ecosystems in 
general. Nevertheless, there are still several questions that remain unanswered. 
Here I suggest some directions for future work. 
Microbes: Although microbes are recognized as very important organisms for 
ecosystem functioning, they remain heavily understudied in African savanna 
ecosystems. Within the concept of ecological autocatalysis, we might expect 
large differences in microbial communities within each autocatalytic loop. 
Therefore, loop switching could have important consequences for global 
carbon and nutrients budgets. Furthermore, the role of symbiotic bacteria 
(N-fixation) and symbiotic fungi (mycorrhiza) is largely unknown, while they 
might be essential components in these N-limited or water-limited grass layers. 
Macrodetritivores: Much attention has been payed to the resources 
partitioning of large herbivores yielding important insights into the 
mechanisms of coexistence. In contrast, macrodetritivores, such as earthworms, 
isopods, millipedes and termites, have received ample attention in this respect. 
However, new techniques such as stable isotopes and DNA metabarcoding 
provide promising avenues for investigation of inter-specific differences in 
resource partitioning. 
Browsers: Browsing herbivores are an important functional group that affect 
woody community composition and structure. Nevertheless, for now, I did not 
include them into the concept of ecological autocatalysis as estimates of the 
flow of biomass/nutrients from woody species to browsers is generally low 
(<10%). Furthermore, browsers do not seem to exhibit autocatalytic behavior 
and therefore it is still unclear what is the best way to incorporate them into 
the concept.
Theoretical models: Models that support the benefits of autocatalysis generally 
come from lower levels of organization (molecules). It would be interesting to 
assess whether evolutionary benefits can be observed when these types of 
models are applied to ecosystems. Furthermore, investigating the expected or 
maximum number of autocatalytic loops in a system, their effect on ecosystem 
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stability and dynamics or the spatial patterning of ecosystems are only possible 
using theoretical models. 
Generalization: Applying the concept of ecological autocatalysis described 
in this thesis to other ecosystems is required to test its generality. Finding 
similarities and differences will further facilitate the development of the 
concept and finally determine whether ecological autocatalysis will yield a 
useful concept to describe ecosystem organization.
CSR Triangle: Vegetation types within the three autocatalytic loops described 
for savanna ecosystems exhibit an interesting link with Grime’s CSR triangle 
theory, with a competitors (C: woody species), stress tolerators (S: lawn grasses) 
and disturbance adapted vegetation (R bunch grasses). Trait-based approaches 
can be used to further investigate the similarities, whereas each adaptive 
strategy is characterized by a specific trade-off.

Conclusion
Throughout this thesis I have shown that organisms can have profound effects 
on local conditions through a variety of feedback mechanisms, loosening the 
connection with environmental gradients. Furthermore, they strongly affect 
rates of key ecosystem processes (e.g. primary production, decomposition), 
thereby changing the magnitude of nutrient and energy flows through 
ecosystems. Therefore, important ecosystem functions, like nutrient cycling, 
follow from ecosystem organization, where environmental conditions merely 
determine the envelope of possible ecosystem configurations. This fits well 
with the concept of ecological autocatalysis that I have reviewed, developed 
and finally applied to African savanna ecosystems. This concept connects the 
useful information obtained from community ecological studies to patterns 
observed at the ecosystem level. Although there still is much work to do to 
further develop and generalize the concept, it has shown great potential in the 
description of ecosystem organization. 
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Summary

One of the biggest challenges humans, especially ecologists, face is to  
understand the functioning of the natural world. This is of crucial importance, 
whereas changes in land use, biodiversity and climate, as a result of 
human impact, set the remaining natural areas under pressure.  Increased 
understanding in the functioning of ecosystems will help to manage, protect 
and restore nature, which will be very important for creating a sustainable 
future for human beings on planet earth. 

Ecosystem organization
The structure and functioning of nature can be captured in three key elements. 
First, chemical elements like carbon, nitrogen and phosphorous: the building 
blocks of all existence. Second, energy, that enables us to grow, maintain 
ourselves and reproduce. Third, there is a certain structure or organization 
that describes how these building blocks and energy move through space 
and time. One could compare this with a house, where bricks represent the 
building blocks, and construction workers build the house, maintain it and 
maybe break it down some day. The blueprint represents the organization of 
the house. When we then scale up to a village or city, certain patterns can be 
observed. You might find small houses at some place, tall houses at another. A 
church in the centre. Neighbourhoods are build, others disappear. The villages 
is extending or shrinking. Such patterns can be described as the organization 
of a village and can change through time. In a similar way, ecosystems are 
organized in specific configurations. At some places you find lots of trees, at 
other place mainly grasses or herbs. Sometimes you find many herbivores, 
sometimes large colonies of birds. This “ecosystem organization” is the subject of 
this thesis. I ask myself the question which factors determine the configuration 
of ecosystems and whether external factors, like climate, are most important, 
or whether organisms themselves control the ecosystem configuration and 
processes. This sounds very ambitious, and I won’t deny that it is. Therefore, 
this thesis should not be seen as a discussion of a demarcated subject that 
is intensively investigated and analysed, and results in clear conclusions and 
possible solutions. In contrast, this thesis should be seen as an exploration of a 
general concept that describes and explains the organization and functioning 
of ecosystems, that is currently lacking. It connects knowledge on (interactions 
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between) species with our knowledge on (components of ) ecosystems. 
Autocatalysis is a key element of this concept. 

Ecological autocatalysis
Autocatalysis is a self-reinforcing process, well studied in disciplines as 
chemistry and physics, but relatively rare in ecology.  Ecological autocatalysis is 
a positive interaction between organisms in a circular fashion, through which 
a species positively affects itself through positive effects on other species. A 
classic example is bladderwort, Utricularia, a carnivorous plant that occurs in 
freshwater systems and acts as a substrate for algae and cyanobacteria. These 
algae and cyanobacteria are eaten by zooplankton, which subsequently is 
eaten by Utricularia itself. Therefore, bladderworts positively affect algal growth 
that increases the amount of zooplankton, which subsequently stimulates 
bladderworts. Altogether they thus from a group of organisms that positively 
affects each other in a loop and we therefore describe this as ecological 
autocatalysis.
Positive interactions between species have long been underestimated in 
ecology, where since Darwin proposed his theory of evolution by natural 
selection, negative interactions have received most attention, whereas the 
struggle for existence results in competitive (negative) interactions between 
species. This has changed in the last decennia and processes like facilitation 
(often within trophic levels) are more and more investigated. Also, mutualism 
(often between trophic levels), a strong direct positive interaction, receives 
much attention, often to investigate whether and why cheating is important.  
Indirect, often weak, positive interactions between trophic levels are hardly 
studied. Ecological autocatalysis is one of such indirect positive feedbacks and 
I develop this concept further in chapter 2 towards a general principle within 
ecosystems using some general examples. Furthermore, I argue why this 
concept is useful in explain the pattern we observe at the ecosystem scale. Last, 
I describe in the synthesis (chapter 9) how we can apply this concept to African 
savanna ecosystems. The chapters in between are used to gather additional 
evidence for the concept.

Ecological autocatalysis in African savannas
Three distinct autocatalytic loops can be described in African savannas (see 
chapter 9, figure 1). 1) The first consists of lawn grasses, of which most biomass 
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is consumed by large herbivores. Herbivores subsequently produce dung that 
is used by dung beetles and termites and further decomposed by soil fungi 
and bacteria. Nutrients that are released can be taken up by lawn grasses 
again. 2) Bunch grasses are generally avoided by large herbivores because of 
their low nutritional value. When they become dormant at the onset of the dry 
season they function as an excellent fuel for fire that “consumes” these bunch 
grasses. The nutrients in the ash subsequently return to the soil where bunch 
grasses can take them up again. 3) Woody vegetation (trees and shrubs) is 
not so much consumed by herbivores and often outgrow fire. The produced 
leaves fall down as soon as they senesce and are consumed by soil organisms. 
Earthworms, isopods, millipedes and termites all forage on the litter, which 
is further decomposed by soil fungi and bacteria. Nutrients that are released 
become available to trees and shrubs again.

This thesis
This thesis comprises nine chapters, with chapter 1 as a general introduction 
on the subject. Chapter 2 describes the concept of ecological autocatalysis and 
depicts how the concept can be used to describe and explain the organization 
and functioning of ecosystems.
In chapter 3, I investigate the relationship between large herbivores and 
grazing lawns. The positive effect of lawn grasses on large grazing herbivores 
is mainly explained by their high nutritional value and has been thoroughly 
studied and documented. However, how herbivores positively feedback on 
lawn grasses is less clear. Current literature mainly describes the increased 
nutrient concentrations in the soil as a result of dung and urine deposition 
by herbivores. Lawn grasses profit from this and are better able to withstand 
grazing than bunch grasses. I investigated another feedback mechanism, in 
which herbivores change the soil water balance. Trampling by large herbivores 
results in a compact soil with low water holding capacity. Lawn grasses are 
adapted to this low water availability, whereas bunch grasses need much more 
water. Therefore, large herbivores increase the extent of grazing lawns, from 
which they profit themselves.
In chapters 4, I quantify the spatial redistribution of nutrients by herbivores and 
dung beetles. I found that large herbivores effectively transport nitrogen from 
bunch grasslands to grazing lawns, creating long-term nutrient hotspots. Dung 
beetles showed a smaller but opposite effect and distributed dung deposited 
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by large herbivores on grazing lawns back to bunch grasslands. Nevertheless, 
the main effect observed was a net export of dung (and therefore nitrogen) 
from all grasslands towards so-called “middens” by white rhinoceros.
In chapter 5, I study plant nutrient limitations. I am mainly interested whether 
these limitations are related to large environmental gradients (like rainfall) or 
determined by local interactions, as a result of the autocatalytic loops that have 
been described earlier. I found support for the latter. Shrubs, bunch and lawn 
grasses situated just several meters from each other, show large differences 
in the limitation of nutrients. In contrast, similar vegetation types separated 
multiple kilometres from each other are limited by the same nutrient. These 
results suggest strong biotic feedback mechanism on plant nutrient limitations.
In chapter 6, I further investigate this topic, now focusing on litter  
decomposition. Here, I also find that organisms, represented by termites, 
decouple the process of decomposition from environmental variation in  
rainfall. Free living bacteria and fungi show decreased activity under dry 
circumstances. However, specialized fungi, living inside termitaria are 
not affected, whereas the termites create stable conditions (moisture 
and temperature). Therefore, this mutualistic interaction enables high 
decomposition rates, even in dry periods.
In chapter 7, I study grassland heterogeneity. Simplified, I investigate why 
bunch grasses are tall, and lawn grasses are short. Does this reflect differences in 
productivity, consumption or both? Results show that lawn grasses are mainly 
less productive, with nicely fits with the findings from chapter 3 (low moisture 
availability). Remarkably, 75-80% of the lawn grass primary production was 
consumed by large herbivores, in contrast to ca. 40% of bunch grasses.
In chapter 8, I study a similar question regarding woody species. Why do 
we observe such a high variation in woody cover? And what determines the 
spatial patterns of these woody individuals? The main new insight from this 
chapter is that woody species are more or less evenly distributed under low 
rainfall conditions, whereas under high rainfall they often aggregate. A possible 
explanation for these patterns is competition for water (and therefore large 
distances between trees) at low rainfall, while at high rainfall trees facilitate 
each other in the protection against fire. Closed canopies increase moisture and 
decrease grass growth, both effectively increasing the likelihood of excluding fire. 
In chapter 9, I synthesize all these new findings and incorporate them in the 
concept presented in chapter 2. Detailed results on feedbacks (chapter 3 and 
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4), their effect on ecosystem processes (chapter 5 and 6) and the consequences 
for ecosystem organization (chapter 7 and 8), are described and substantiated 
with existing literature.
 
Altogether, I presented a new concept in this thesis, which has the potential 
to become a general applicable theory that describes and explains the 
organization of ecosystems. Furthermore, I collected additional information to 
substantiate these ideas. Nevertheless, it will take years, maybe decennia to 
really prove the concept. I will definitely continue with this myself, but mainly 
hope that this thesis inspires other ecologists and observe their own ecosystem 
from a different perspective, trying to identify and investigate autocatalytic 
loops. Especially these indirect positive interactions that might not seem so 
evident at first sight, could play a much more important role than currently 
acknowledged.
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Eén van de grootste uitdagingen voor de mens, maar voor ons ecologen in 
het bijzonder, is begrijpen hoe de natuur om ons heen functioneert. Dit is 
van groot belang omdat de veranderingen in landgebruik, soortenrijkdom en 
klimaat, als gevolg van menselijk handelen, de overgebleven stukken natuur 
steeds verder onder druk zet. Begrip van het functioneren zal ons helpen bij 
het beheren, beschermen en herstellen van deze natuur, waarvan het behoud 
essentieel zal zijn voor een duurzame toekomst van de mens op onze planeet. 
 
Ecosysteem organisatie
De structuur en het functioneren van de natuur kan worden teruggebracht tot 
drie kernelementen. Allereerst zijn er de bouwstenen: chemische elementen 
waaruit alles om ons heen bestaat, zoals koolstof, stikstof en fosfor. Ten tweede 
is er energie, die ons in staat stelt te groeien, onszelf te onderhouden en voort 
te planten. Tot slot is er een zekere structuur of organisatie die beschrijft hoe 
deze bouwstenen en de daaraan gekoppelde energie zich door de ruimte en 
tijd verplaatsen. Je zou dit kunnen vergelijken met een huis, waar bakstenen de 
bouwstenen vormen waaruit het huis bestaat en bouwvakkers de energie zijn 
die het huis bouwen, onderhouden, en misschien ooit ook wel weer afbreken. 
De bouwtekening van het huis stelt de organisatie voor. Als we vervolgens 
opschalen naar bijvoorbeeld een dorp of een stad, kun je bepaalde patronen 
vaststellen. Op sommige plaatsten vind je kleine huizen, op andere plaatsen 
hele hoge. Er staat een kerk in het midden. Buurten worden bijgebouwd, 
anderen verdwijnen. Het dorp breidt uit of krimpt. Al dit soort patronen zou 
je kunnen beschrijven als de organisatie van een dorp en die kan door de tijd 
heen veranderen. Op dezelfde manier zijn ook ecosystemen op een bepaalde 
manier georganiseerd. Op sommige plekken vind je veel bomen, op andere 
plekken juist vooral grassen of kruiden. Soms zijn er veel herbivoren aanwezig, 
andere gebieden herbergen juist veel vogels. Deze “ecosysteem organisatie” 
is het onderwerp van dit proefschrift. Ik stel mijzelf de vraag welke factoren 
de configuratie van ecosystemen bepalen en of deze vooral afhankelijk zijn 
van factoren van buitenaf, zoals het klimaat, of dat de organismen die in een 
dergelijk ecosysteem leven vooral de controle hebben over hoe het ecosysteem 
eruit ziet. Dit klinkt erg ambitieus, en ik zal zeker niet ontkennen dat dat ook zo 
is. Dit is dan ook geen proefschrift die een afgebakend onderwerp tot de bodem 
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uitzoekt, analyseert en dan aan het einde met een klip en klare conclusie en 
eventuele oplossing komt. In tegendeel, dit proefschrift is een exploratie van 
een algemeen concept dat de organisatie en het functioneren van ecosystemen 
beschrijft en verklaart, iets wat we tot op heden nog niet hebben. Het verbindt 
de kennis die we hebben over (interacties tussen) soorten met de kennis die 
we hebben over (componenten van) ecosystemen. De kern van dit concept 
vormt zich rond het begrip autokatalyse.

Ecologische autokatalyse
Autokatalyse is een zichzelf versterkend proces, welbekend in scheikundige 
en natuurkundige disciplines, maar een relatief zeldzaam begrip in de 
ecologie. Onder ecologische autokatalyse verstaan we positieve effecten 
tussen organismen in een kringloop waardoor een soort uiteindelijk door 
andere soorten positief te beïnvloeden, zichzelf bevoordeelt. Een klassiek 
voorbeeld hiervan is blaasjeskruid, Utricularia, een vleesetende waterplant 
die als substraat dient voor bepaalde algen en cyanobacteriën. Deze algen en 
cyanobacteriën worden gegeten door zoöplankton, kleine kreeftachtigen, die 
vervolgens weer worden gegeten door het blaasjeskruid zelf. Blaasjeskruid 
heeft dus een positief effect op algengroei, dat de hoeveelheid zoöplankton 
stimuleert en dat heeft vervolgens weer een positief effect op blaasjeskruid. 
Samen vormen zij dus een groep organismen die elkaar positief beïnvloeden in 
een kringloop en dit wordt daarom omschreven als ecologische autokatalyse. 
Positieve effecten tussen organismen zijn lang ondergewaardeerd geweest in 
de ecologie, waar sinds de evolutietheorie van Darwin de nadruk op negatieve 
interacties heeft gelegen. De strijd om het voortbestaan leidt immers tot 
competitie (negatieve interactie) tussen soorten. De laatste decennia is hier 
verandering in gekomen en krijgen processen zoals facilitatie (vaak binnen 
een trofisch niveau) meer aandacht. Ook mutualisme (vaak tussen trofische 
niveaus), een sterke directe positieve interactie, wordt veel bestudeerd, 
meestal om te begrijpen of en waarom er wel of niet vals gespeeld wordt. 
Indirecte, vaak zwakkere, positieve effecten tussen trofische niveaus zijn 
echter weinig bestudeerd. Ecologische autokatalyse is een vorm van zo’n 
indirecte positieve terugkoppeling en in hoofdstuk 2 werk ik dit concept 
verder uit naar een algemeen principe binnen ecosystemen aan de hand van 
een aantal voorbeelden. Verder beargumenteer ik waarom dit waardevol is 
bij het verklaren van wat we op de schaal van het ecosysteem zien. Tot slot 
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beschrijf ik in de synthese (hoofdstuk 9) hoe dit concept kan worden toegepast 
op Afrikaanse savannes. In de tussenliggende hoofdstukken verzamel ik daar 
verder bewijs voor.

Ecologische autokatalyse in Afrikaanse savannes
In Afrikaanse savannes kunnen drie autokatalytische kringlopen worden 
onderscheiden (zie hoofdstuk 9, figuur 1). 1) De eerste bestaat uit korte grassen, 
vergelijkbaar met een gazon, waarvan het grootste gedeelte wordt gegeten 
door grote herbivoren. Deze herbivoren produceren mest, dat als voedselbron 
dient voor mestkevers en termieten en vervolgens verder wordt afgebroken 
door schimmels en bacteriën in de bodem. De voedingstoffen die hierbij 
vrijkomen worden weer opgenomen door korte grassen. 2) Hoge grassen 
worden veel minder gegeten door herbivoren omdat ze minder voedselrijk zijn. 
Wanneer ze verdorren in het droge seizoen vormen ze daarom een perfecte 
brandstof voor vuur, die de hoge grassen “consumeert”. De voedingstoffen in 
de as die vervolgens weer in de bodem terecht komen kunnen weer door de 
hoge grassen worden opgenomen. 3) Houtige vegetatie in savannes (bomen 
en struiken) wordt weinig gegeten, en zijn vaak te hoog om nog door het vuur 
gegrepen te worden. De bladeren die zij produceren vallen op de bodem zodra 
ze afsterven en vormen daar een voedselbron voor allerlei bodemorganismen. 
Regenwormen, pissebedden, miljoenpoten en termieten doen zich allemaal 
tegoed aan dit strooisel, wat vervolgens verder wordt afgebroken door 
bacteriën en schimmels in de bodem. De vrijgekomen voedingsstoffen kunnen 
vervolgens weer worden opgenomen door de bomen en struiken.

Dit proefschrift
Dit proefschrift bevat negen hoofdstukken, met hoofdstuk 1 als een 
algemene introductie op het onderwerp. In hoofdstuk 2 beschrijf ik het 
concept ecologische autokatalyse en zet uiteen hoe dit concept kan helpen 
bij het beschrijven en verklaren van de organisatie en het functioneren van 
ecosystemen.
In hoofdstuk 3 duik ik dieper in de relatie tussen grote herbivoren en de korte 
graasweides. Het positieve effect van korte grassen op grote herbivoren zit 
hem voornamelijk in de hoge voedingswaarde en is reeds goed onderzocht 
en gedocumenteerd. Hoe herbivoren de korte grassen positief beïnvloeden 
is echter minder duidelijk. De huidige literatuur beschrijft met name de 
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verhoogde concentraties voedingsstoffen in de bodem als gevolg van de 
depositie van mest en urine door herbivoren. De korte grassen profiteren 
hiervan en zijn op hun beurt beter bestand tegen begrazing dan de lange 
grassen. Ik onderzocht hier een andere terugkoppeling, namelijk die van 
herbivoren op de vochtbalans van de bodem. Grote herbivoren stampen de 
bodem samen, wat een compacte grond tot gevolg heeft dat weinig water 
kan vasthouden. De korte grassen zijn hiertegen beter bestand, omdat de 
lange grassen veel meer water nodig hebben. Grote herbivoren hebben op die 
manier dus een positief effect op het creëren en in stand houden van korte 
graasweides, waar zij vervolgens zelf baat bij hebben omdat dit gras voor hen 
het meest voedzaam is.
In hoofdstuk 4 onderzoek ik de ruimtelijke verplaatsing van voedingstoffen 
door zowel herbivoren als mestkevers. Ik vond een netto verplaatsing van 
stikstof door grote herbivoren van hoge grassen naar korte graasweides, 
waardoor de herbivoren op de langere termijn plaatsten creëren met veel 
voedingstoffen in de bodem. Diezelfde plaatsen vormen de graasweides 
die de herbivoren prefereren. Mestkevers hadden een tegenovergesteld 
effect en rolden de mest die door herbivoren op de korte graasweides waren 
gedeponeerd terug naar de hoge grassen of onder struiken. Toch was het 
effect van de herbivoren groter dan dat van mestkevers. Desalniettemin, 
beide effecten werden overschaduwd door het effect van een megaherbivoor, 
de witte neushoorn. Witte neushoorns gebruiken zogenoemde “middens”, 
toiletten waar ze keer op keer terugkeren. Dit zorgt ervoor dat er uit de rest 
van het ecosysteem, zowel uit de lange grassen als uit de graasweides, een 
constante stroom voedingstoffen richting de “middens” stroomt.
In hoofdstuk 5 bestudeer ik de beschikbaarheid van voedingsstoffen voor 
planten. Ik ben vooral geïnteresseerd of deze beschikbaarheid afhangt van 
grote omgeving gradiënten (zoals regenval) of dat het lokaal wordt bepaald, 
door de eerder beschreven terugkoppeling van de autokatalytische kringlopen. 
Ik vond dat dit laatste het geval was. Struiken, hoge grassen en korte grassen 
die slechts enkele meters van elkaar verwijderd zijn, laten grote verschillen 
in de beschikbaarheid van voedingsstoffen zien. In contrast, dezelfde 
vegetatietypes kilometers van elkaar verwijderd zijn gelimiteerd door dezelfde 
voedingsstoffen. Deze resultaten suggereren een sterke terugkoppeling van 
organismen op hun omgeving, die daardoor grotendeels onafhankelijk worden 
van gradiënten in regenval.
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In hoofdstuk 6 ga ik hier verder op in, maar in plaats van de beschikbaarheid  
van nutriënten bekijk ik nu de snelheid van de afbraak van dood planten-
materiaal. Ook hier vind ik dat organismen, in dit geval termieten, het 
decompositie proces grotendeels ontkoppelen van omgeving gradiënten. 
Waar vrij levende bacteriën en schimmels onder droge omstandigheden 
moeite hebben hun activiteit hoog te houden, hebben speciale schimmels, 
die wonen in de termietenheuvels, hier geen last van. Deze mutualistische 
interactie, waar termieten ideale condities creëren voor de schimmels en er 
vervolgens zelf van eten, zorgt ervoor dat de decompositie snelheid hoog 
blijft, ook onder droge omstandigheden.
In hoofdstuk 7 onderzoek ik vervolgens de heterogeniteit in het grasland-
schap. Simpel gezegd stel ik de vraag waarom lange grassen lang zijn, en korte 
grassen kort. Is het omdat lange grassen harder groeien, omdat korte grassen 
meer gegeten worden, of een combinatie van beiden. De resultaten laten 
zien dat de korte grassen vooral veel minder hard groeien, wat mooi aansluit 
bij de bevindingen in hoofdstuk 3 (lage waterbeschikbaarheid). Wat verder 
opmerkelijk is is dat zo’n 75-80% van de productie van korte grassen wordt 
gegeten door herbivoren, in tegenstelling tot zo’n 40% van de lange grassen. 
In hoofdstuk 8 stel ik eenzelfde vraag, maar dan voor de houtige soorten. 
Waarom zie je op bepaalde plekken weinig bomen en op andere plekken 
veel. En waarom staan ze op de ene plek verspreid over het landschap en op 
de andere plek juist geclusterd. De voornaamste nieuwe inzichten zijn dat 
de bomen/struiken bij lage regenval verspreid staan in het landschap en bij 
hoge regenval clusteren. De verklaring die we hiervoor geven is dat ze bij lage 
regenval in competitie zijn voor water (en daarom ver van elkaar staan), terwijl 
ze bij hoge regenval elkaar beschermen tegen de effecten van vuur (en daarom 
dicht bij elkaar staan). Een gesloten bladerdek zorgt voor veel schaduw op de 
grond waardoor het vochtig blijft en grassen niet of minder hard groeien, wat 
er beide voor zorgt dat vuur wordt uitgesloten.
In hoofdstuk 9 voeg ik al deze bevindingen samen en plaats ze in het concept 
dat gepresenteerd is in hoofdstuk 2. De gedetailleerde resultaten over de 
terugkoppeling (hoofdstuk 3 en 4), hun effecten op ecosysteem processen 
(hoofdstuk 5 en 6) en de gevolgen voor hoe het ecosysteem eruit ziet (hoofdstuk 
7 en 8), worden beschreven en verder onderbouwd met bestaande literatuur.
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Alles tezamen heeft dit proefschrift een nieuw concept gepositioneerd, 
dat de potentie heeft om een algemeen geldende theorie te worden die de 
organisatie van ecosystemen beschrijft en verklaart. Verder heb ik aanvullende 
informatie verzameld die dit idee onderbouwen. Desalniettemin zal het nog 
jaren duren voor het zover is, misschien zelfs wel decennia. Ik ga hier zelf zeker 
mee verder, maar hoop vooral dat dit proefschrift inspirerend is voor andere 
ecologen en dat zij met andere ogen naar hun eigen ecosysteem zullen kijken, 
proberen de autokatalytische kringlopen te identificeren en te onderzoeken. 
Juist deze indirecte positieve interacties die misschien op het eerste gezicht 
niet zo evident lijken, kunnen wel eens een veel belangrijkere rol spelen dan 
tot dusver wordt aangenomen. 
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