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ABSTRACT 

 
LARGE MAMMALS AND THE ZOOGEOCHEMISTRY OF TERRESTRIAL NUTRIENT CYCLES 

 
ANDREW J. ABRAHAM 

 
 
Studies from across the world demonstrate that nutrient resource subsidies by animals 

critically shape ecosystem composition and function. In particular, large mammals have been 

found to act as the planet’s nutrient arteries, connecting and fertilising landscapes through 

which they pass. However, a comprehensive understanding of the cumulative impacts of 

lateral nutrient transport by diverse clades of mammal taxa remains lacking. This dissertation 

develops quantitative frameworks from which to better attribute and estimate the magnitude 

of nutrient redistribution by large mammals. First, I apply machine-learning techniques to 

improve the prediction of key animal traits (gut retention time) and nutrient biogeography 

(sodium). I then develop an agent-based model that incorporates individual-level decision 

making for quantifying the transport of nutrients across a nutrient discontinuity in the 

Amazon basin. Collectively, these studies improve our understanding of biotic nutrient 

dispersal and provide a framework that can be applied to diverse terrestrial ecosystems 

across the world. My final two chapters assess how wildlife managers can incorporate 

nutrient redistribution by large mammals into management plans, whereby holistic strategies 

promote the long-term fertility of landscapes. Over the last 50,000 years, numerous large 

mammal species have been extirpated from ecosystems across the world. Today, the global 

south shoulders much of the burden for preserving large mammal species. This dissertation 

provides a biogeochemical rationale for the growing movement of rewilding, which aims – in 

part – to rebalance the geographical responsibility for large animal conservation.   
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PREFACE 
 

 

The chapters that appear in the present dissertation have been, or will be, submitted for peer 

review at chosen scientific journals. Consequently, following an introduction and outlined 

research aims, each subsequent chapter will appear in the format of a scientific paper. By 

combining articles in this way, there may appear some redundancy to fulfill university 

formatting requirements.  

 

The articles that combine to form the present dissertation include: 

 

§ Abraham et al. (2020) Improved estimation of gut passage time considerably affects 

trait-based dispersal models. Accepted in Functional Ecology (December 2020). 

doi:10.1111/1365-2435.13726. 

 

§ Abraham et al. (forthcoming) Sodium limits large mammal biomass across sub-

Saharan Africa. Prepared for submission to Ecology Letters.  

 
§ Abraham et al. (forthcoming) Bushmeat hunting significantly reduces transport of key 

nutrient by large vertebrates in lowland Amazonia. Prepared for submission to 

Proceedings of National Academy of Sciences.  

 

§ Abraham et al. (2021) Large predators can mitigate nutrient losses associated with 

off-site removal of animals from a wildlife reserve. Accepted in Journal of Applied 

Ecology (March 2021). doi:10.1111/1365-2664.13878. 

 

§ Abraham et al. (forthcoming) Hyaenas play unique ecosystem role by recycling key 

nutrients in bones. Submitted to African Journal of Ecology.   
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1. INTRODUCTION 

 

In William H. Schlesinger’s classic text Biogeochemistry: An Analysis of Global Change 

there is an overwhelming evidence that life is important to many chemical reactions that 

occur on the surface of Earth. In fact, many of the conditions on Earth that we consider 

“normal” are the product of at least 3.5 billion years of life. The composition of the 

atmosphere, cryosphere, hydrosphere, lithosphere and pedosphere are all impacted by life’s 

waste products, by-products and dead remains.  

 

However, the importance of wild animals within Schlesinger’s book is sparse. Almost 

exclusively, this classic text focuses on how plants and our own species, Homo sapiens, have 

impacted global biogeochemical cycles. This oversight has likely arisen because modern 

science has developed during a time where the functional capacity of wild fauna has been 

severely reduced (Lundgren et al., 2020). Since the Cambrian explosion 541 million years ago, 

there have been six periods of major extinction. The first five of these occurred due to 

extreme environmental change (Cowan, 2013). It is our great misfortune that the sixth mass 

extinction, which characterises the present day, is largely due to the hand of our own species 

(Barnosky et al., 2011; Sandom et al., 2014). If current extinction trends continue, the largest 

living land animal in the next 200 years may very well be Bos taurus – the domestic cow (Smith 

et al., 2018). Yet, despite living in a world significantly impoverished of its “largest and most 

fearsome beasts” (Wallace, 1876), scientists have increasingly begun to recognise the 

importance of animal-mediated nutrient subsidies for the health of ecosystems across the 

world. Today, biogeochemical studies investigating allochthonous nutrient input by wild 

animals have been conducted from the poles (e.g. Bokhorst et al., 2019) to the tropics (e.g. 

Brodie and McIntyre, 2019) and encompass animal body sizes spanning nine orders of 

magnitude, from insects (e.g. Green, 2011) to the great whales (e.g. Roman and McCarthy, 

2010).  

 

A notable feature for many of these studies examining the impact of wild animal nutrient 

subsidies is a singular focus on just one species. Whilst the choice of these species is almost 

certainly driven by unique characteristics particularly pertinent to the transport of key 
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nutrients, at the ecosystem-level, what is most important is the collective impact of all 

animals. When trying to understand what role animals play as drivers of global 

biogeochemical cycles, it is at this scale that we must be concerned. Inherently, attempts to 

understand nutrient subsidies by all taxa within an ecosystem are more complex and there 

remains a paucity of studies which attempt to do so. In fact, to the best of my knowledge, 

there is just one published quantitative framework for assessing lateral nutrient transport by 

multiple (10+) animal species. First outlined by Wolf et al. (2013), this suite of ecological 

models utilises allometric scaling equations to estimate mean nutrient diffusivity for each 

species. This diffusivity coefficient is then applied to databases of mammal ranges and body 

mass to generate spatially explicit maps of past and current nutrient transport (e.g. Doughty 

et al., 2016). Whilst studies using this framework have significantly advanced the field, gaining 

much attention from both the scientific and popular press 

(https://pnas.altmetric.com/details/4675929/news), there remain a number of 

shortcomings. To ease communication, I shall henceforth refer to this model as the Doughty-

Wolf model.  

 

To overcome the need for specific data about each and every species present in the 

model, the Doughty-Wolf model takes advantage of allometric scaling relationships between 

animal body mass and particular characteristics such as metabolic rate, population density 

and daily home range. Combining these relationships for herbivorous mammals, Wolf et al. 

(2013) found a diffusivity metric related to mass equal to M1.17, indicating that large mammals 

are disproportionately important for nutrient redistribution. For more details on the specific 

mathematical formulation of this model, I point readers to the supplementary material of 

Wolf et al. (2013) and Doughty et al. (2013). The Doughty-Wolf model has been extensively 

used to estimate the magnitude of animal-mediated transport of nutrients for ecosystems 

throughout the world (Wolf et al., 2013; Doughty et al., 2013; Doughty et al., 2016a; Doughty 

et al., 2016b, Hempson et al., 2017). Recently, the same framework has also been applied to 

the dispersal of faecal microbes and vector-borne pathogens to assess the impact animals 

may play in the spatial and temporal emergence of infectious diseases (Doughty et al., 2020). 

However, despite the utility of this quantitative framework, there are a number of necessary 

simplifications used in the Doughty-Wolf model, which I critically examine in detail below:    
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§ Mass scaling parameters – By utilising variables that simply require body mass for their 

prediction, the Doughty-Wolf model efficiently overcomes issues related to the need for 

unique input data for every parameter on every species.  However, whilst this works well 

for certain parameters, such as metabolism, which have a high R2 value (metabolism R2: 

0.96; Nagy et al., 1999), other parameters cannot be so easily determined from mass 

alone. A reasonable argument can be made for the utility of poor allometric scaling 

parameters in that for every species that is over-predicted, there are some that are under 

predicted. Therefore, at the community-level the result may (likely) return a similar 

outcome. However, does this logical reasoning stand up? Certain species have unique 

characteristics that make them disproportionately important for nutrient movement. For 

example, the family of Elephatidae have much higher population densities than expected 

based on their mass alone (Robson et al., 2017), yet their gut passage time is much shorter 

(~30hrs; Rees et al., 1983) than would be predicted based on their mass (~65hrs). 

Similarly, the Folivora order, contains > 80 genera of ground sloth, which represent many 

of the late-Pleistocene megaherbivore species found in North and South America. 

However, one of the unique attribute of extant sloths is their significantly lower metabolic 

rates than other mammals of the same size (Vendl et al., 2016). Given the Doughty-Wold 

model finds large animals disproportionately important for nutrient transport, these 

species idiosyncrasies may significantly impact the model outcome.        

 

§ Realistic nutrient biogeography – Nutrient concentration gradients vary from sub-metre 

to 1000s of kilometres. In order to correctly ascertain the spatial redistribution of 

nutrients by wild mammals, it is essential to correctly model the underlying nutrient 

biogeography. However, in practice this is difficult to do. The Doughty-Wolf model 

requires an estimation of how vegetation stocks of nutrients vary across environments. 

The abiotic geography of rock-derived nutrients such as phosphorus is generally much 

easier to estimate than those which have a biological origin such as nitrogen. 

Consequently, the Doughty-Wolf model has been limited to the examination of 

phosphorus and sodium. In the first model iteration, Wolf et al. used a geological 

discontinuity between granite and basaltic rock to model phosphorus movement by 

savanna herbivores in Kruger National Park, South Africa. However, this nutrient 
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concentration gradient was modelled as a simple straight line, which doesn’t fully reflect 

the true nature of the environment. In Doughty et al. (2016), a global comparison of 

animal phosphorous movement between the late-Pleistocene and current day, the 

component relating to terrestrial mammal redistribution is quantified in km2 day-1 - a 

measure of nutrient diffusivity, not phosphorus transport. Changes in phosphorus 

movement across land could not be quantified in this paper due to uncertainties in the 

underlying geography of this element and instead we are left with this rather cryptic unit 

denoting changes in total faecal matter as a proxy.   

 

§ Random walk – The Doughty-Wolf model considers animal movement to that of Brownian 

motion. In reality, this is a vast oversimplification as animal movement is driven by 

advection towards a particular direction across different spatial and temporal scales 

(McInturf et al., 2019). However, at millennial scales, Doughty et al. (2013) argue that 

landscapes evolve; migration routes, foraging hotspots and wallows shift in location. In 

addition, different species have varied preferences of diet, habitat and use of space. As a 

result, in biodiverse locations the random walk model can be considered a reasonable 

approximation. However, mountains, rivers and other geographical barriers do not move 

on the timescales considered by the models and recent studies have highlighted that 

animal migrations may have been following the same routes for thousands of years 

(Taylor et al., 2019). In less dynamic or biodiverse landscapes such as deserts or boreal 

forests, nutrients may be accumulated by animals into hotspots rather than evenly 

diffused across the landscape. A recent study that collated animal movement data from 

57 different species across the world, found that wild animals travel daily distances one 

third to one half in regions of high human presence when compared to those in 

landscapes of low human presence (Tucker et al., 2018). To effectively incorporate the 

spatial redistribution of nutrients into current wildlife management decision making, it is 

necessary to understand and incorporate how animals use landscapes over much shorter 

timescales.   

 

§ Nutrient loss parameter – The Doughty-Wolf model is particularly sensitive to the 

parameter chosen for the rate at which nutrients leach from the system. Nutrient leaching 

is a particularly difficult flux to estimate, especially the component entering deep 
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underground reservoirs. For some elements, such as sodium which is soluble in water, 

this may reduce the long-term impact of active animal nutrient subsidies. For other 

elements, such as phosphorus, incorporation and retention may last for millennia 

(Doughty et al., 2013). Studies to date have estimated a best guess for this parameter and 

then undertaken a number of sensitivity studies to demonstrate the range of plausible 

outcomes.  

 

§ Feedbacks between ecosystem components – Components of the Doughty-Wolf model 

are static. That is to say, there is no interaction between constituent parts of the model. 

For example, animal population density is not driven by nutrient availability, but instead 

pre-determined by external datasets. McInturf et al. (2019) highlight how feedback loops 

can develop from the interactions of animals with geologic and abiotic processes. High 

nutrient regions attract further animals, which can enhance nutrient accumulation or 

redistribution. Veldhuis et al. (2017) demonstrate this succinctly with the formation of 

fertile faecal middens by white rhino in Hluhluwe-iMfolozi game reserve, South Africa. 

Rhinos use middens for olfactory communication, which attracts other rhinos. The 

middens are usually separate from the feeding lawns and overtime develop into colossal 

accumulations of dung (personal experience). Middens attract a number of other species 

too, such as detritivorous beetles, which further distribute nutrients. At present, 

important ecological interactions such as these are not incorporated into the Doughty-

Wolf model framework. 

 

§ Application for other animal clades – The Doughty-Wolf model has been built to consider 

nutrient transport by terrestrial mammalian herbivores. This is a well-studied group, that 

largely conform to allometric scaling laws. However, there is a vast literature 

demonstrating how other animal clades transport allochthonous nutrients. Megafauna 

are considered disproportionately important for nutrient movement (Enquist et al., 2020). 

However, other animal groups have characteristics that make them good vectors of 

nutrient redistribution. This may be due to their ability to fly (e.g. birds; Otero et al., 2018), 

migrate through oligotrophic water (e.g. baleen whales; Roman et al., forthcoming), or by 

sheer quantity of numbers (e.g. insects; Green et al., 2011). The Doughty-Wolf model in 



 
6 

its present form could provide a framework for considering other animal clades, but key 

assumptions need to be critically appraised.     

 

§ Application for wildlife management  – As a result of the above simplifications, whilst the 

Doughty-Wolf model can approximate nutrient redistribution by wild mammals to an 

order of magnitude, precise estimates for any location are inherently uncertain. This 

uncertainty precludes the use of this model in its current state for accurate application to 

modern day wildlife management.  

 

Developing a quantitative framework that advances these simplifications to better examine 

the magnitude and importance of allochthonous nutrient subsidies by wild mammals to the 

fertility of our planet is the focus of my dissertation.   
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2. RESEARCH OUTLINE 

 

The present dissertation consists of five chapters. The first three of these chapters 

attempt to develop simplifications made in the Doughty-Wolf model, whilst chapters 4 and 5 

apply key findings for improved wildlife management. Chapter 1 focuses on improving the 

estimation of gut retention time in endothermic animals. This parameter is essential to any 

ecological dispersal model, but is poorly quantified using allometric scaling in the Doughty-

Wolf model. Notably, the R2 value for the allometric relationship of body mass and gut 

passage time is missing in Wolf et al. (2013). For this chapter I collate a large dataset of gut 

passage time for mammals and birds and subsequently use a novel machine learning 

approach to create a new predictive framework for estimating this critical parameter. 

Updating two published examples of ecological dispersal models, I show that improvements 

to the estimation of gut passage time considerably influence the magnitude of nutrient and 

seed dispersal by large mammals.  

 

Chapter 2 attempts to map foliar sodium (Na) concentrations across sub-Saharan Africa. 

Sodium is increasingly considered to be a limiting nutrient for plant-consuming animal 

communities (Kaspari, 2020). However, foliar sodium concentrations have not been mapped 

at continental scales. Instead, current practice is for studies to use a simple proxy of distance 

from the coast (e.g. Doughty et al., 2016; Bravo et al., 2017). In this chapter, I collate a large 

database of foliar sodium concentration measurements and use an ensemble of machine 

learning approaches to predict patterns of this nutrient across sub-Saharan Africa. Using two 

large empirical datasets of faecal sodium concentration and mammal population density, I 

then show that large mammals are sodium-stressed in low-sodium environments, which in 

turn impacts ecosystem composition and function. The role of allochthonous sodium input in 

the excreta of wild animals will be especially important in these regions.  

 

For Chapter 3 I develop an agent-based model of nutrient transport by large mammals 

(>3kg). Importantly, this model represents animals as individuals, which allows for the 

incorporation of individual-level decision making (e.g. individual movement and feeding  

strategies). I parameterise this model for an 800km section of the Rio Juruà, located in 
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western Amazonia. This stretch of the Rio Juruà has a pronounced hunting gradient, which 

provides a unique opportunity to assess how the removal of large mammal vertebrates from 

the ecosystem influences animal nutrient transport between the fertile river floodplain and 

nutrient-poor uplands. Model results are first compared to an empirical dataset of foliar 

nutrient concentrations for validation before being run for a 2000 year period to quantify 

hunting-induced changes to the geography of foliar phosphorus concentrations over coming 

centuries.  

 

Chapter 4 explores the role of large vertebrate removal from wildlife reserves as an 

important mechanism of nutrient leakage from the landscape. Animals elevate key nutrients, 

such as phosphorus, to concentrations 104 x higher than in plant tissues (Brodie and McIntyre, 

2019). Where large numbers of animals are permanently removed from the ecosystem, the 

associated nutrient losses may constitute an important biogeochemical and conservation 

issue. This study focuses on Tswalu Kalahari Reserve, a 120,000 ha wildlife reserve located in 

the nutrient-poor Northern Cape, South Africa. Whilst current removal of large vertebrates 

prevents short-term veld degradation, there is a projected long-term biogeochemical 

consequence to this management strategy. Holistic management strategies, such as the 

reintroduction of large predators, are suggested to help minimise nutrient leakage via this 

mechanism.  

 

Building on chapter 4, chapter 5 explores the role of bone scavengers as agents of nutrient 

recycling. The immobilisation of nutrients, such as calcium (Ca) and phosphorus (P) in bones 

has been suggested to play an important role in terrestrial nutrient cycling (Coe et al., 1978). 

Where bone scavengers are absent, bones may otherwise take 10-100s of years to 

decompose (Carter et al., 2007). However, due to their low population densities, nutrient 

recycling in the faeces of large savannah carnivores has been overlooked (Wolf et al., 2013). 

Focussing on the southern Kalahari and lowveld of South Africa, hyaena are shown to 

accumulate large quantities of Ca and P in latrine sites, which may influence wider ecosystem 

processes including species diversity, decomposition rate and animal movement ecology. In 

this way, the management of large carnivores can facilitate the retention and dispersal of key 

nutrients in wildlife reserves across the world.  
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The below list outlines the titles of the five chapters that combine to form the present 

dissertation. Under each chapter, I have highlighted the specific areas of the Doughty-Wolf 

model that have been improved in this dissertation:  

 

i. Improved estimation of gut passage considerably affects trait-based dispersal models. 

§ Mass-based scaling parameters 

 

ii. Sodium limits large herbivore biomass across sub-Saharan Africa.  

§ Nutrient biogeography 

 

iii. Bushmeat hunting significantly reduces transport of key nutrient by large vertebrates in 

lowland Amazonia. 

§ Random walk, nutrient loss parameter, feedbacks, wildlife management 

 

iv. Large predators can mitigate nutrient losses associated with off-site removal of animals 

from a wildlife reserve. 

§ Wildlife management 

 

v. Hyaenas play unique ecosystem role by recycling key nutrients in bones. 

§ Other animal clades 
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3. DISSERTATION CHAPTERS 
 

3.1 IMPROVED ESTIMATION OF GUT PASSAGE TIME CONSIDERABLY AFFECTS TRAIT-BASED 

DISPERSAL MODELS (Accepted in Functional Ecology, December 2020) 

 

Abraham, A.J., Prys-Jones, T.O., De Cuyper, A., Ridenour, C., Hempson, G.P., Hocking, T., 

Clauss, M. and Doughty, C.E. (2020). Improved estimation of gut passage time considerably 

affects trait-based dispersal models. Functional Ecology. doi:10.1111/1365-2435.13726. 

 

INTRODUCTION 

 

Animals are important vectors of seed, nutrient and microbe dispersal across a wide diversity 

of landscapes in both terrestrial and marine ecosystems (reviewed in Correa Cortes and 

Uriarte, 2013; Subalusky and Post, 2018; McInturf et al., 2019). These biotic dispersal 

networks are, however, often not appreciated until changes in ecological demographics 

occur. Following the late-Pleistocene extinctions, there has been a concomitant reduction in 

the transport of seeds, nutrients and microbes throughout the world. Recent studies by 

Doughty et al. (2016a) and Pires et al. (2017) show that megafauna-dispersed plants across 

Amazonian forests have contracted their range by 26-31% over the last 10,000 years due to 

a reduction in long-distance seed-dispersal by 66-95%. Similarly, lateral nutrient movement 

by terrestrial mammals has been estimated to have reduced by >90% following the 

downsizing of mammals over the last 10,000 years (Doughty et al., 2016b; Hempson et al., 

2017), whilst global microbe dispersal in faeces has decreased seven-fold, possibly increasing 

independent microbial evolution through an “island biogeography effect”, which is believed 

to increase the emergence of infectious diseases (Doughty et al., 2020). Likewise, significant 

reductions in seed dispersal have been shown following changes to populations of large 

frugivorous bird species (Jordano et al., 2007; Wotton and Kelly, 2012; Donoso et al., 2020).  

 

At present, dispersal models that assess biological dispersal of seeds, nutrients and microbes 

across a broad suite of taxa often use generalised mass-based scaling parameters for gut 

passage time (e.g. Wolf et al., 2013; Viana et al., 2013; Doughty et al., 2016; Pires et al., 2017; 

Hempson et al., 2017; Yoshikawa et al., 2019; Donoso et al., 2020; Doughty et al., 2020; 
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Sorensen et al., 2020). The reasoning behind the choice of allometric scaling is based on 

theoretical grounds as gut capacity scales linearly to body mass (BM1.00) and dry matter intake 

to the metabolic rate (BM0.75) (Demment and Van Soest, 1985). But this has been refuted (see 

Muller et al. 2013) and crucially breaks down when individual species, or groups of closely 

related species, are considered (Jackson, 1992; Robbins et al., 1993; Clauss et al., 2007; Steuer 

et al., 2011; Frei et al., 2015; Pryzbylo et al., 2019; De Cuyper et al., 2020). As certain species 

have unique characteristics that make them disproportionately important for dispersal 

processes (e.g. their population density, gut passage time, or daily movement), it is critical to 

estimate parameters for each species as accurately as possible when using trait-based 

dispersal models. The compound interaction of traits may otherwise result in models that 

incorrectly attribute or estimate the magnitude of dispersal. For example, Elephantidae are 

key agents of dispersal due to their high consumption, large daily movement and high 

population densities (Campos-Arceiz et al., 2012; Bunney et al., 2017). Yet their mean gut 

passage time is much shorter (~30 hrs; Rees et al., 1982, Hackenburger, 1987, Steuer et al., 

2011, Bunney et al., 2017; Beirne et al., 2019) than would be predicted based on their mass 

alone (Clauss et al., 2003). Consequently, models that rely on a generalised scaling parameter 

for gut passage time may significantly overestimate the magnitude of dispersal-related 

processes by this taxonomic family – an effect that may not be compensated for by the 

underestimation of other species within the mass-based scaling framework.     

 

The aim of this study is to more accurately predict gut passage time across endothermic taxa 

and to assess the impact this has on trait-based dispersal models. We consider two aspects 

of gut retention time: 1) the time of first appearance between marker ingestion and excretion 

(transit time; TT) and 2) the integrated, average time between marker ingestion and excretion 

(mean retention time; MRT) (Robbins, 1993).  We focus on endothermic taxa because these 

organisms are considered to be the major vectors of lateral biotic dispersal (Wolf et al., 2013; 

Doughty et al., 2016b). However, future research should also consider refining TT and MRT in 

dispersal models that incorporate ectothermic species.  
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MATERIALS AND METHODS 

 

Literature survey 

 

MRT can be assessed with marker substances that are not normally secreted, digested or 

absorbed in the gut; that are not toxic to the gut microbiota and that are easily assayed in 

digesta and faeces (Warner, 1981; Stevens and Hume, 1995). We collected TT and MRT data 

for all endothermic species that have been recorded in laboratory and field studies available 

to us. To start, we collated data that has been previously published from Clauss et al. (2007), 

Müller et al. (2013), Yoshikawa et al. (2019) and De Cuyper et al. (2020). We then conducted 

our own extensive literature search through until 31st July 2019 to include recently published 

works and animal groups that were not represented in the original datasets. To do this, we 

systematically reviewed relevant papers in the ISI Web of Science and Google Scholar using 

combinations of the following keywords: [mean, gut, passage, retention, time, transit]. Some 

studies presented TT and MRT graphically. In these cases, we used GraphClick v3.0.2. 

software (Arizona Software Inc., 2010) to extract the data. In total, 351 individual studies were 

included in our final database, representing 261 mammal and 130 bird species.  

 

Age can impact TT and MRT in animals (Warner et al., 1981; Robbins, 1993; Kastelein et al., 

2003; Munn and Dawson, 2006). For this study, we focused on gut passage time in adult 

individuals only. Where studies did not explicitly state the maturity of individuals, we used 

body size as a metric for inclusion. If the experimental animal body mass was <50% of the 

body mass reported in Elton Traits v1.0 (Wilman et al., 2014), we removed it from our analysis.  

 

Solute and particle markers travel through the gut at different rates and therefore must be 

considered separately (Robbins, 1993). Additional marker characteristics, such as particle 

size, have also been shown to influence gut passage time in specific taxa (Wilson and Downs, 

2012; Matsuda et al., 2015), and depending on the mathematical approach, the frequency of 

faecal sampling in passage experiments can affect the resulting MRT. Please refer to Appendix 

A - supplementary text 1 for further discussion of these factors. To heed differences in marker 

characteristics, in this study we analysed particle and solute markers separately.    
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For each study where several particle markers were used, we calculated a mean TT and MRT 

across particle markers. From this, we then calculated a mean TT and MRT across studies for 

each species from which to undertake our analysis. This procedure was undertaken to reduce  

individual study bias and has been practiced in other assessments of TT and MRT evaluation 

(Clauss et al., 2007; Steuer et al., 2011; Yoshikawa et al., 2019; Sorensen et al., 2020).   

 

Figure 3.1.1: Allometric relationships between body mass and gut passage time for 
mammal (orange) and bird (blue) species using particle and solute markers to assess transit 
time (TT) and mean retention time (MRT). Point shape denotes dominant feeding strategy. 
Lines indicate the results of allometry based on generalised least squares (GLS) for 
mammals and birds separately. For results of allometry based on phylogenetic generalised 
least squares (PGLS) see Appendix A - supplementary table 2. 
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Animal traits 
 

Many traits have been proposed to impact TT and MRT in endothermic animals including body 

mass (Warner et al., 1981; Demment and Van Soest, 1983), dry matter intake (Clauss et al., 

2007; Müller et al., 2013), diet (Murray et al., 1994; De Cuyper et al., 2020), gut physiology 

(Robbins, 1993; Stevens and Hume, 1995), rumination (Steuer et al., 2011; Pryzbylo et al., 

2019), volancy (Hilton et al., 1998; Frei et al., 2015), foraging strata (Jackson, 1992) and 

physical activity level (Kleyheeg et al., 2015; Beirne et al., 2019). Appendix A - supplementary 

table 1 details an extensive list of traits that have been shown to impact TT and MRT. Here, 

we calculate pertinent trait data for each species included in our TT and MRT database. We 

only included trait data if it could be reliably obtained for all species in each taxonomic group. 

Ideally, traits should be measured on the same animals used to calculate gut passage time. 

However, the number of studies where all traits were measured is very small. Therefore, we 

utilised averaged species-level data from published sources. Table 3.1.1 includes a list of traits 

used in this study and Appendix A - supplementary text 2 details specifically how we compiled 

these traits. 

 
Trait Details Database 
Mammals   
Activity time Nocturnal/crepuscular/diurnal  Wilman et al. (2014) 
Body mass Adult body mass (kg) Wilman et al. (2014) 
Coprophagy Yes/no Individual studies 
Diet Consumption from 10 diet classes in Elton Traits v1.0 (%) Wilman et al. (2014) 
Feeding strata Marine/ground/scansorial/arboreal/aerial Wilman et al. (2014) 
Gut physiology Simple/hindgut/foregut Stevens and Hume (1995) 
Morphology Adult body length (mm) Nowak and Walker (1999) 
Phylogeny  Consensus tree from PHYLACINE v1.2 Faurby et al. (2018) 
Ruminant Yes/no Nowak (1999) 
Volancy Yes/no Nowak (1999) 
Birds   
Activity time Nocturnal/diurnal Wilman et al. (2014) 
Body mass Adult body mass (kg) Wilman et al. (2014) 
Coprophagy Yes/no Individual studies 
Diet Consumption from 10 diet classes in Elton Traits v1.0 (%) Wilman et al. (2014) 
Feeding strata Below water/water surface/ground/understory/ 

Mid-canopy/canopy/aerial 
Wilman et al. (2014) 

Gut physiology Simple/foregut Stevens and Hume (1995) 
Morphology Morphological principal components 1 – 9 Pigot et al. (2020) 
Phylogeny  Consensus tree from BirdTree Jetz et al. (2014) 
Volancy Yes/no del Hoyo et al. (2017) 

 
 
Table 3.1.1: Animal traits included for birds and mammals 
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Statistical models 
 
All statistical models were fitted using the natural logarithm of species mean TT or MRT. 

Mammal and bird datasets were analysed separately in R version 3.6.1 (R_Core_Team, 2019).  

 

First, we built a constant model by simply calculating the mean TT/MRT across all species. We 

then explored the allometric relationships between TT/MRT and body mass, both with and 

without consideration of the phylogenetic relatedness of the target species. These techniques 

have been undertaken before on select groups of animals (Robbins, 1993; Clauss et al. 2007; 

Steuer et al., 2011; Yoshikawa et al., 2018; De Cuyper et al., 2020; Sorensen et al., 2020). We 

performed simple generalised least squares (GLS) with log body mass as a single explanatory 

variable using the ‘nlme’ package (Pinherio et al., 2014) and phylogenetic generalised least 

squares (PGLS) using the ‘caper’ package (Orme et al., 2013). PGLS incorporates potential bias 

arising between biological traits by assuming that the similarity of model residuals between 

species depends upon their phylogenetic relatedness (Symonds and Blomberg, 2014). The 

strength of the phylogenetic signal is set using Pagel’s λ, which can vary from 0 (no 

phylogenetic signal) to 1 (strong phylogenetic signal). We estimated λ using the maximum 

likelihood method. For comparison to previous studies that have considered allometric 

scaling differences between trophic groups, we also undertook GLS and PGLS scaling on 

subsets of our data for each taxon, where species were grouped by their dominant feeding 

mode. Groups were defined using the dominant diet categories in Elton Traits v1.0 (Wilman 

et al., 2014).  

 

To include additional traits into our predictive models, we utilised the ‘caret’ package, which 

provides a framework for training more complex linear and non-linear statistical models 

(Kuhn, 2015).  Within ‘caret’, we used the ‘glmnet’ package (Friedman et al., 2010) to build a 

L1-regularised generalised linear model with square loss (LASSO) for predicting TT/MRT using 

the animal traits outlined in table 1. Lasso regression uses a regularisation parameter to shrink 

or eliminate predictor variables that contribute least to model fit (Tibshirani, 1996). To do 

this, the GLMNET method continuously optimises each parameter in the model and executes 

cyclical coordinate descent until model convergence is reached. This procedure helps prevent 

model overfitting, whilst allowing all potential variables to be included in the final general 
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linear model. We used an identity link function and assumed a Gaussian error distribution. To 

incorporate phylogeny into our lasso general linear model, we added separate predictor 

variables for each scientific order and family found in our database. The regularisation 

parameter was optimally selected using k-fold cross-validation with k=10 folds.   

 

Finally, we built a random forest model using the ‘randomForest’ package (Liaw and Wiener, 

2002) to assess non-linearity between predictor variables in predicting TT/MRT. To our 

knowledge, machine learning techniques have not previously been applied to the prediction 

of gut passage time in animals. Random forest is generally considered the most powerful 

implementation of regression tree techniques for prediction. Again, we incorporated 

phylogeny by using separate predictor variables for each scientific order and family. The 

number of variables randomly sampled at each split in the tree (mtry) was optimised within 

the ‘caret’ package by using a predefined hyperparameter grid from 1 to the total number of 

variables.  

 

To compare models, we performed a ‘leave-one-out’ cross validation, whereby we removed 

each species in turn, trained the five statistical models on the remaining data and then tested 

each model on that removed species. We calculated the root-mean squared error (RMSE) 

between the predicted and observed values for each species and assessed model 

performance for each marker separately by comparing the median RMSE across models.  

 

Updating MRT in trait-based diffusion models 

 

As an application of our improved MRT estimates for mammals, we updated two ecological 

models that explicitly require an MRT parameter for seed and nutrient dispersal respectively. 

The first model, developed by Pires et al. (2017), mechanistically encompasses seed ingestion, 

gut retention, animal movement and seed deposition to understand seed dispersal by 

Pleistocene megafauna in South America. We replaced the original body mass scaled MRT 

equation of 10*BM0.22 with predictions obtained from our mammal MRTparticle model with the 

lowest median RMSE for two representative genera: (1) a 5000 kg elephant (Loxodonta spp) 

and (2) a 200 kg tapir (Tapirus spp). For each genus, we built a model using all available data 

except with that genus removed. In this way, we could evaluate the performance of MRT 
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models for species that are not included in our training database. We then compared seed 

dispersal kernels using the original and our newly predicted estimate of MRT to that arising 

using an estimate directly from empirical studies. For elephants, we calculated a mean 

empirical MRT from Hackenburger (1987), Steuer et al. (2011), Bunney et al. (2017) and 

Beirne et al. (2019). For tapir, we used data from Clauss et al. (2010) and Campos-Arceis et al. 

(2012). We used a Levy walk scenario and ran 1000 individual simulations to generate a seed 

dispersal kernel for each genus. All other parameters were kept constant as used by Pires et 

al. (2017).  

 

The second model, used by Hempson et al. (2017), quantifies lateral nutrient transport across 

sub-Saharan Africa by mammalian herbivores in the pre-colonial era (approximately 1000 

years before present) and present day. Here, we updated MRT for 92 extant native herbivores 

and three domestic livestock species from the original mass-based formulation of 0.29*BM0.26 

to results arising from our mammal MRTparticle model with the lowest median RMSE. Thirteen 

of the 95 species included in the model were represented in our gut passage database for 

mammal MRTparticle, allowing a comparison between the original and newly modelled 

estimates of MRT to empirical data for these species. All other model parameters were kept 

as used by Hempson et al. (2017). We summed lateral nutrient movement by all species 

within 0.5ox0.5o grid cells to investigate spatial differences between the original model and 

that using our new estimates of MRT. Finally, we aggregated total nutrient transport across 

the continent into bins based on the log10 of their body mass to compare differences between 

size classes using the different iterations of MRT.  

 

RESULTS 

 

Model estimates of TT and MRT 

 

In total, we collated data for 261 mammal and 130 bird species. For both taxa, there was a 

general positive increase of gut passage time with body mass across markers (figure 3.1.1). 

However, the strength of these relationships varied between taxon and markers from R2 

equal to 0.13 (mammal MRTsolute) to 0.69 (bird MRTsolute). Birds consistently demonstrated a 

larger allometric scaling exponent (“slope”) than mammals across markers (Appendix A -
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supplementary table 2). Analyses of allometric scaling broken down by dominant feeding 

strategy demonstrates that gut passage time varies according to diet (Appendix A - SI figure 

Figure 3.1.2: Leave-one-out cross validation plots comparing RMSE values arising from the five 
statistical models for (a) mammal TTparticle, (b) mammal MRTparticle, (c) mammal TTsolute, (d) 
mammal MRTsolute, (e) bird TTparticle, (f) bird MRTparticle, (g) bird TTsolute and (h) bird MRTsolute. Filled 
points represent the median root mean squared error (RMSE) and error bars indicate the 
interquartile range.  
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2 and 3). In general, herbivorous species had a longer gut passage time for a given body mass 

than carnivorous species. However, there was no consistent difference in scaling exponents 

between these different feeding strategies (Appendix A - supplementary table 3 and 4).    

 

When comparing the five statistical models for predicting gut passage time in mammals, the 

inclusion of additional traits improved prediction with the GLMNET and random forest models 

displaying the lowest median RMSE across all marker types. For birds, the inclusion of 

additional traits did not significantly reduce the median RMSE (Appendix A - supplementary 

table 5; figure 3.1.2).  

  

3.2 Updated trait-based diffusion models 

 

Replacing MRT in dispersal-related models by Pires et al. (2017) and Hempson et al. (2017) 

with the random forest prediction for MRTparticle made a significant impact. In the Pires et al. 

(2017) seed dispersal model, using the MRTparticle random forest predictions decreased mean 

transport of seeds by 34% for a 5000 kg elephant (Loxodonta spp), but increased mean 

distanced transported by 40% for a 200 kg tapir (Tapirus spp) when compared to original 

model formulations (Appendix A - supplementary table 6). For elephants, this results in a seed 

dispersal kernel that is more consistent with a model that is parameterised using an empirical 

estimate of MRT (figure 3.1.3). However, for tapir the seed dispersal kernel is midway 

between that produced using the original formulation and the empirical estimate.  

 

Updating MRT in the Hempson et al. (2017) lateral nutrient diffusion model had similarly large 

effects. For the thirteen species for which empirical estimates of MRTparticle were present in 

our database, the random forest predictions were generally much closer to empirical 

estimates than those predicted using the original allometric scaling relationship (figure 3.1.4). 

Across sub-Saharan Africa, the replacement of the body mass estimate of MRT with the 

MRTparticle random forest predictions reduces total nutrient transport by 21% in the historic 

model (figure 3.1.5c insert). In contrast, total nutrient transport increases by 77% in the 

present-day model (figure 3.1.5d insert). Spatially, the largest decreases for the historic model 

are in tropical West Africa, the Sahel, northern Mozambique and the east coast of South 

Africa, primarily driven by a reduced contribution of nutrient transport by elephants (figure 
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3.1.5a). For the present-day model, largest increases in nutrient transport are in southern 

Africa, Angola, the Sahel and the Horn of Africa (figure 3.1.5b). In the historic model, changes 

in total nutrient transport are driven by a decrease in lateral nutrient dispersal by 

megaherbivores (herbivores >1000 kg; figure 3.1.5c). In contrast, changes in total nutrient 

transport in the present-day model are driven by herbivores with body mass between 11-

1000 kg (figure 3.1.5d), which primarily comprise livestock.   

 

 

Figure 3.1.3: Seed dispersal kernels for three predictors of MRT in the Pires et al. (2017) 
model, depicting seed dispersal of a large seeded plant by a 5000 kg elephant (Loxodonta 

spp) and a 200 kg tapir (Tapirus spp). Panels A and D estimate MRT using the original mass-
based scaling formulation of 10*BM0.22, B and E using the mammal MRTparticle random forest 
model presented in this paper, except with that genus removed from the training data, and 
C and F, an empirical calculated mean across studies for each genus. Animal movement was 
simulated as a Levy walk. Each line represents one of 1000 simulations. Circles represent the 
median and bars determine the 5th and 95th percentiles.  
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DISCUSSION 

 

TT and MRT model performance 

 

Our expanded database confirms previous findings for a general pattern of positive allometric 

scaling in all markers for mammals and birds. Appendix A - supplementary tables 2 and 3 

provide the allometric exponent scaling (“slope”) values for different feeding strategies in 

mammals and birds using GLS and PGLS regression. These are broadly similar to studies that 

have previously undertaken allometric scaling of gut passage time on select groups of animals 

(e.g. Warner et al., 1981; Demment and Van Soest, 1983, Clauss et al., 2007; Steuer et al., 

2011, Yoshikawa et al., 2019; De Cuyper et al., 2020; Sorensen et al., 2020). The raw data and 

derived scaling exponents from our database will help improve the output of ecological 

models that must rely on allometric scaling of gut passage time. For example, a recent study 

by Enquist et al. (2020), found that the magnitude of global nutrient dispersal altered 8-fold 

Figure 3.1.4: A comparison of modelled mean gut retention time (MRT) for 13 species 
included in the Hempson et al. (2017) model for which there are empirical data. Error bars 
represent the standard deviation across empirical studies for each species with >2 studies. 
The grey line represents the allometric scaling equation (0.29*BM0.26) used in the original 
model formulation by Hempson et al. (2017). Both axes represent log10 scales.  
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when using different plausible mass-based MRT scaling coefficients. In addition, at present 

most ecological models utilise MRTparticle for which many empirical studies have been 

undertaken. However, our database also includes relationships between animal body size and 

solute marker passage time, which may be a more appropriate marker signal for some studies 

(e.g. for models dealing with water-soluble elements such as sodium in Doughty et al., 2016c). 

Figure 3.1.5: Lateral nutrient transport across sub-Saharan Africa calculated using the Hempson 
et al. (2017) model with different formulations of mean gut passage time. Lateral nutrient 
transport as a percentage of the original estimate by Hempson et al. (2017) after replacing the 
original allometric formulation for MRTparticle with the random forest MRTparticle model presented 
in this study mapped spatially at a 0.5o resolution for (a) historic (~1000 years before present), 
and (b) current day scenarios. Bar charts for total lateral nutrient movement by animals grouped 
by their log10 body mass for (c) historic and (d) current day scenarios. BM refers to the original 
body mass relationship of 0.29BM0.26 for MRTparticle. RF refers to the random forest model 
presented in this study for MRTparticle. 
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Furthermore, our database also presents allometric relationships for the time of first marker 

appearance (TT). These data can help further refine the shape of gut passage time distribution 

curves, as have commonly been used to generate seed dispersal kernels (e.g. Guttal et al., 

2011; Viana et al., 2013; Pires et al., 2017).   

 

Whilst allometric scaling equations have proved useful for predicting general patterns of how 

gut passage time relates to animal body size, the best statistical models presented in this 

study for predicting TT and MRT in mammals incorporate the full suite of traits detailed in 

table 3.1.1. Across markers, the GLMNET and random forest models reduced the median 

RMSE error across markers by ~34% compared to the GLS model (Appendix A - supplementary 

table 5), which has previously been used to describe MRTparticle scaling in mammals. However, 

there is a wide range of RMSE results across all models following our leave-one-out cross 

validation (figure 3.1.2). This indicates that prediction capacity of all statistical models 

included in this study is poor when outlier species with idiosyncratic traits are included in the 

test dataset. For example, the two-toed (Choloepus didactylus) and three-toed sloths 

(Bradypus tridactylus) have a very high MRT due to their low metabolism and food intake rate 

(Vendl et al., 2016), which is not currently accounted for in any of the model predictor 

variables.  

 

For birds, no statistical model was consistently best across markers. This may partly have 

arisen due to the stronger relationship between bird body mass and gut passage time 

(Robbins, 1993; Yoshikawa et al., 2019; Sorensen et al., 2020). However, there was also a large 

spread of RMSE results across statistical models for birds, suggesting that either the dataset 

is not large enough for the more complex models to become statistically different, or that 

important traits pertinent to TT and MRT in birds are missing from our analysis. For example, 

key information of differences in the gastrointestinal tract, which is known to significantly 

impact gut passage time in birds (Frei et al., 2015), was lacking. In our dataset, all birds were 

considered to have a simple gastrointestinal tract, with the exception of the hoatzin 

(Opisthocomus hoazin), which is the only known bird with a foregut physiology (Grajal and 

Parra, 1995). Datasets which facilitate the inclusion of more nuanced traits will improve the 

ability of more complex statistical models to predict gut passage time for this taxon. 
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Importance of MRT for trait-based dispersal models 

 

The findings in this study highlight the shortcomings of previous dispersal-related ecological 

models that have relied upon generalised mass-based scaling parameters for gut passage 

time. Updating the Pires et al. (2017) model with improved estimates of gut passage time 

considerably impacts generated seed dispersal kernels (Appendix A - supplementary table 6; 

figure 3.1.3). This has important ramifications for our understanding of which animal species 

play an important role in the long-distance dispersal of invasive plant species and migration 

of native plants in response to climate change (Jordano et al., 2007). Previous studies have 

argued that at the ecosystem-level, the over or underestimation of dispersal by species or 

functional groups will likely even out when the contribution to a dispersal-service is summed 

across all species (Wolf et al., 2013). However, we have shown in this study that depending 

on the compound interactions of gut passage time with other pertinent traits, current models 

may be incorrectly attributing or estimating the magnitude of dispersal. The updated 

Hempson et al. (2017) nutrient dispersal model in this paper succinctly demonstrates this 

point.  

 

In the historic model, elephants (Loxodonta spp) are widely distributed across sub-Saharan 

Africa. As these animals consume large quantities of vegetation, live at higher population 

densities and have large daily movement ranges, they contribute disproportionately to 

nutrient movement (Wolf et al., 2013). However, in the original formulation of the model, 

which relies on allometric scaling for gut passage time, the contribution of a 1725 kg elephant 

to nutrient transport is vastly overestimated as their gut passage time is predicted at 48.3 

hours, when the average empirical estimate across a number of gut passage time studies in 

elephants is 31.6 hours. Likewise, the gut passage time for many meso-herbivores (11-1000 

kg) is significantly underestimated based on their mass alone (figure 3.1.4). We see in the 

historic model that the original overestimation of elephant contribution to nutrient transport 

outweighs the underestimation of meso-herbivores, resulting in a 21% overestimate of total 

continent nutrient dispersal. In contrast, for the present-day scenario in which elephant 

populations are largely confined to a few key protected areas – and meso-herbivore biomass 

has been maintained or increased by water provision, supplementary feed and veterinary 

care for livestock – the underestimation of nutrient transport by meso-herbivores using the 
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original allometric scaling results in a large underestimation of total continent nutrient 

dispersal by 77%. With the exception of elephants, the species included in the Hempson 

model did not have particularly large residual error in the allometric scaling of gut passage 

time (Appendix A - supplementary figure 7). This highlights that the magnitude of change in 

our updated models may not be unique to this study and the relationship between estimated 

gut passage time and factors such as population density and daily dispersal can considerably 

change the total magnitude of dispersal within ecosystems from local to continental scales.  

 

Future of predicting MRT 

 

The measurement of gut passage time in endothermic animals is a complex procedure with 

multiple logistical, scientific and ethical hurdles (Robbins, 1993; Stevens and Hume, 1995). 

Consequently, statistical models that attempt to predict gut passage time from multiple 

sources are inherently contingent on the quality of individual studies within the database. 

Here, we have collated a large database of gut passage time in endothermic animals from a 

total of 351 studies. Our database represents data from 4.8% of all extant mammal and 1.3% 

of all extant bird species (Wilman et al., 2014). However, of the 391 endothermic species 

included in our database, 71.8% have a gut passage time derived from only one study and just 

9.7% of species have a gut passage time calculated across three or more studies. As a result, 

there is potential uncertainty around the accuracy of our calculated measures of gut passage 

time for many species. Future meta-analyses that attempt to statistically predict gut passage 

time across a broad suite of endotherms will benefit from any expansion and replication of 

experiments for the studies that we have collated here.    

 

Appendix A - supplementary table 1 provides twenty independent factors that have been 

suggested to impact gut passage time in endothermic animals found in the literature. We 

were only able to include ten of these in our traits database, as reliable information was 

difficult to ascertain across all species for many traits. Importantly, dry matter intake (DMI) 

was not included in our trait data as it was unavailable across all studies, but is known to be 

an important driver (Levey and Martínez del Rio, 1999; Clauss et al., 2007). Furthermore, the 

trait data that we did include was not directly from the experimental or field trials, but from 

generalised datasets. For example, whilst the data pertaining to percentage of diet from ten 
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Elton Traits v1.0 categories is an improvement on previous attempts to include diet (e.g. 

Yoshikawa et al., 2019), multiple studies have shown that gut passage time is directly related 

to the type of food consumed in the experiment and not the dominant feeding preferences 

(Jackson 1992, Hilton et al., 1998; Pagan et al., 1998; Remis and Dierenfeld, 2004; Silva, 2005; 

Nijboer et al., 2007; White et al., 2007). Accordingly, trait values calculated in this study may 

be different to those driving the gut passage in the collated gut passage database.  

 

Despite these issues, the inclusion of the additional traits has considerably improved our 

prediction capabilities of gut passage time in mammals (figure 3.1.2). This supports the notion 

that future predictions of gut passage time in mammals, and possibly all endothermic animals, 

will be further improved by the inclusion and increased sophistication of pertinent traits in 

statistical models. Of the traits we did include, animal morphology (body mass, body length) 

was found to be the most important predictor of gut passage time in mammals and birds 

(Appendix A - supplementary figure 5 and 6). This was followed by traits related to gut 

physiology and diet  Traits related to habitat, activity time, feeding strata, rumination and 

volancy, however, were rarely important in our models despite being cited in the literature 

as important to specific groups of animals (Jackson et al., 1992; Hilton et al., 1998; Vendl et 

al., 2016). As a result, future modelling studies, for which empirical estimates of gut passage 

time are absent, will benefit from predicting gut passage time using statistical models that 

incorporate at least animal morphology, diet and gut physiology.  

 

In our study, we have updated two trait-based dispersal models to highlight the importance 

of correctly resolving gut passage time. Statistical models that attempt to estimate gut 

passage time for extinct animals, however, may struggle to determine the required traits. For 

example, it is clear that digestive physiology plays a key role in gut passage time for 

endothermic animals (Steuer et al., 2011; Frei et al., 2015; Pryzbylo et al., 2019). However, it 

is still unknown what the digestive physiology was for many species of extinct animals such 

as ground sloths (Suborder Folivora; Clauss et al., 2003), of which over 80 extinct genera have 

been described (Faurby et al., 2018). This may provide a significant hurdle for the prediction 

of gut passage time in extinct animals and the improvement of models that include them (e.g. 

Doughty et al., 2016b; Pires et al., 2017).   
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CONCLUSION 

 

We have shown that an improved estimation of gut passage time can have considerable 

impacts for the attribution and estimation of dispersal-related ecosystem services by 

communities of animal species. We hope that the databases presented in our study will be 

used to further understand the underlying mechanisms that drive differences in gut passage 

time across endothermic animals and will facilitate the development of ecological models 

that better quantify vital dispersal-related ecosystem services by animals.  
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3.2 SODIUM LIMITS LARGE ANIMAL BIOMASS ACROSS SUB-SAHARAN AFRICA (prepared 

for submission to Ecology Letters) 

 

INTRODUCTION 

 

Sodium (Na) is increasingly recognised as an important macronutrient for organising the 

structure and function of terrestrial ecosystems throughout the world (Kaspari, 2020). It is an 

essential element for metabolic processes in animal and fungal taxa, but physiologically 

unimportant for most plant species and toxic for non-halophytic plants in high concentrations 

(Suttle, 2010; Maathius, 2014). As a result, for plant-consuming animals living in low foliar 

sodium environments, there may be a nutritional mismatch between requirement and 

availability (Borer et al., 2019). Accordingly, there exists a long history of sodium-seeking 

behaviours observed by herbivorous animals living in low foliar sodium environments, 

including selective consumption, geophagy and omnivory (e.g. Weir, 1972; Denton, 1982; 

Holdo et al., 2002; Rothman et al., 2006; Kaspari et al., 2009; Clay et al., 2017; Welti et al., 

2019).  

 

Where access to an adequate supply of sodium is unattainable, the density of herbivorous 

animals can be limited (Aumann and Elman, 1965; Blair-West, 1968; Weir, 1972; Kaspari et 

al., 2009). Kaspari (2020) outlines four potential mechanisms for the role of sodium as a 

constraint on herbivore survival. To summarise, these include osmoregulatory imbalances 

between sodium and potassium (K), catalyst effects with nitrogen (N) and phosphorus (P), 

protection of the gastrointestinal tract from toxic effects of anti-herbivory compounds 

(tannins) and maintenance of a healthy gut microbiome. As a result, animals have evolved 

numerous methods to ensure sodium acquisition and conservation in low-sodium 

environments (Jordan et al., 1973; Weeks et al., 1976; Michell, 1989). Importantly, prolonged 

periods of sodium deprivation cause marked increases in the hormone aldosterone, which 

stimulates two complementary processes; extreme renal sodium conservation and increased 

sodium appetite (Geerling and Loewy, 2008). As a result, losses of sodium via the urinary 

pathway are reduced to almost zero in low-sodium environments (Blair-West et al., 1968; 

Holdo et al., 2002).  
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However, despite the effectiveness of sodium conservation processes, it has been 

demonstrated that sodium limits the density of plant-consuming animals in select taxa. For 

example, Kaspari et al. (2009) found that termite abundance increases 7-fold following the 

provision of sodium to an inland tropical forest ecosystem. Similarly, Aumann and Elmen 

(1965) show a strong correlation between the density of rodents in the genus Microtus and 

soil sodium concentration. Laboratory experiments revealed that the provision of sodium 

chloride ad libitum increased population growth of meadow voles (Microtus pennsylvanicus) 

by ~40-60% compared to populations on a sodium-restricted diet (Aumann and Elmen, 1965). 

In field experiments examining adaptations of large vertebrates to sodium-deficient diets, 

Blair-West (1968) likewise found a strong seasonal cycle of sodium appetite, coincident with 

periods of pregnancy and lactation when demand for sodium is highest, whilst Weir (1972) 

showed that the spatial distribution of elephants in central Africa is strongly related to sodium 

availability.  

 

Therefore, to understand the geography of plant-consuming animals, it is important to 

understand the geography of foliar sodium (Kaspari, 2020). Foliar sodium concentrations 

reflect the environmental and biological conditions in which the plant grows (Maathius, 2014; 

Hempson et al., 2015a; Borer et al., 2019). Although sodium is not required by non-halophytic 

plants, it passively accumulates in plant structures due to the negative electric potential 

difference at the plasma membrane and low concentration of sodium in the cytosol, which 

favours sodium movement into plant cells (Blumwald et al., 2000; Keisham et al., 2018). As it 

is energetically expensive to expel sodium from leaves, foliar sodium concentrations are more 

representative of essential elements, such as potassium, which is concentrated in leaves than 

toxic elements like aluminium (Doughty et al., 2016; Keisham et al., 2018). As a result, at 

continental scales, foliar sodium displays predictable patterns related to ecosystem fluxes of 

sodium input, retention and leaching (Kaspari, 2020). However, to date sodium concentration 

in plant leaves has not been accurately mapped at this scale. Instead, coastal-inland proxies 

have often been employed in studies assessing the impact of sodium as a constraint for 

herbivore survival and function (Blair-West, 1968; Kaspari et al., 2009; Clay et al., 2015; 

Doughty et al., 2016; Bravo et al., 2017). Whilst, sodium aerosol deposition does decrease 

exponentially with distance from the coast (Vet et al., 2014), this simplistic approach 
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overlooks complex interactions between input, leaching and plant uptake fluxes (Borer et al., 

2019).  

 

In coastal environments, the main input of sodium into terrestrial ecosystems is from 

atmospheric sea salt deposition (Vet et al., 2014). However, because of the short life-span of 

tropospheric sea salt aerosols (days to weeks), deposition rates show a strong regional 

signature and decrease exponentially with distance from a marine source (Stallard and 

Edmond, 1981). Additional abiotic inputs of sodium into ecosystems derive from in situ 

weathering of rocks and inundation of saline water from rivers and aquifers (Seastedt and 

Crossley, 1981; Gillardet et al., 1999; Schofield and Kirkby, 2003), whilst large vertebrates 

have also been shown to accumulate and disperse significant fluxes of sodium (Hempson et 

al., 2015a; Doughty et al., 2016). When sodium enters an ecosystem, the rate of turnover is 

spatially and temporally heterogeneous (Whittaker et al., 1979; Seastedt and Crossley, 1981). 

Due to the solubility of sodium in water, climatic and soil variations strongly impact the rate 

at which sodium is leached from the system (Borer et al., 2019). Where local precipitation 

rates are high, sodium is quickly lost, whilst high soil clay content and cation exchange 

capacity (CEC) increases opportunities for sodium to glom onto soils and reduces losses 

(Kaspari, 2020). Like other cations, sodium uptake into plant structures is also influenced by 

soil pH and the availability of other essential nutrients such as potassium (Borer et al., 2019). 

Further, in high net primary productivity (NPP) environments, the concentration of sodium 

may be reduced via growth-related dilution effects. As a result of interplay between the above 

factors, foliar sodium is not evenly distributed throughout terrestrial ecosystems, but is 

instead characterised by concentration gradients at scales from mm to 100s of km (Doughty 

et al., 2016; Kaspari, 2020). 

 

In this study, we collate a large dataset of foliar sodium concentrations from field studies 

conducted throughout sub-Saharan Africa (<15oN). We then develop ‘community-scale’ maps 

of average foliar sodium concentration at a 0.1o resolution by employing a suite of machine 

learning techniques commonly used for large-scale ecological mapping (Hengl et al., 2017; 

Chlingaryan et al., 2018). Finally, we examine if large-vertebrate mammalian herbivores are 

sodium limited using two large datasets of faecal sodium concentration and herbivore density 

measurements.  
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MATERIAL AND METHODS 

 

Foliar sodium concentration data 

 

We collated foliar sodium concentration data from available literature sources and 

unpublished data from field collections. To do this, we systematically reviewed relevant 

papers in the ISI Web of Science and Google Scholar using combinations of the following 

keywords: [sodium, concentration, plant, foliar, Africa]. In total, 4619 independent foliar 

sodium concentration measurements were included in our final database. The record of 

taxonomic-level varied by plant sample, so we categorised each measurement as from either 

woody (tree/shrub) or non-woody (grass/ herbaceous) functional groups. We then grouped 

measurements for each functional group into 0.1 degree cells, which resulted in 253 

geographically distinct communities, and calculated a median value for each community 

(figure 3.2.1).  

 

Sodium concentration gradients, however, occur at scales from mm to 100s kms (Kaspari, 

2020). Furthermore, it has been shown that foliar sodium concentration has a strong 

phylogenetic (Griffith et al., 2017; Borer et al., 2019), and seasonal (Weeks et al., 1976; 

Baranga et al., 1983; Cooper et al., 1988; Vogel et al., 2020) signal. Consequently, depending 

on the number, location and species composition of the samples, our 0.1o communities may 

incompletely represent the characteristics of the actual community. Whilst we note the 

importance of these factors, phylogenetic and seasonal differences usually occur within the 

same order of magnitude for a given environment (Weeks et al., 1976; Baranga et al., 1983; 

Cooper et al., 1988; Vogel et al., 2020). In addition, Griffith et al. (2017) and Borer et al. (2019) 

show that herbivores preferentially consume sodium-rich plants, thereby reducing their 

abundance and homogenising community sodium availability. We note that the mean range 

(min-max) of sodium concentration values within each of our communities is 0.55 orders of 

magnitude, whilst the median value of our communities spans 3.33 orders of magnitude. 

Accordingly, we believe that our dataset can capture large-scale patterns of median foliar 

sodium concentration across sub-Saharan Africa, which is the focus of our study.   
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Modelling foliar sodium concentration maps 

 

To predict foliar sodium concentrations across sub-Saharan Africa we employed an ensemble 

of predictive machine learning techniques commonly used for mapping nutrient 

concentration values across large-scales (Hengl et al., 2017; Chlingaryan et al., 2018). For each 

of our 253 foliar communities, we extracted the mean value of 12 predictor variables that 

Figure 3.2.1. Median community foliar sodium concentration for A) sub-Saharan Africa and 
B) the Serengeti-Mara ecosystem. C) Relative frequency plot summarising the foliar sodium 
concentration of all measurements (n = 4619) collected across sub-Saharan Africa. D) 
Relationship between median community foliar sodium concentration and sodium aerosol 
deposition. Lines for each foliar functional group represent a weighted generalised least 
squares (GLS) fit based on the log10 + 1 number of measurements recorded within each foliar 
community.   
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have been suggested to impact foliar sodium concentration (Maathius, 2014; Doughty et al., 

2016; Borer et al., 2019; Kaspari, 2020) at a 0.1o resolution. Appendix B - supplementary table 

1 summarises the full suite of predictors and datasets used and Appendix B - supplementary 

text 1 provides details on how we generated three predictors (sodium aerosol deposition flux, 

soil sodium weathering flux and net primary productivity) specifically for this study. Using the 

R statistical programme version  3.6.1 (R_Core_Team, 2019), we then built five separate 

machine learning models using the ‘caret’ package, which provides a framework for training 

complex nonlinear statistical models (Kuhn, 2019). Specifically, we implemented gradient 

boosting (‘gbm’; Greenwell et al., 2019), random forest (‘rf’; Liaw and Wiener, 2002), neural 

network (‘nnet’; Venables and Ripley, 2002), support vector machine (‘svmRadial’; 

Karatzoglou, 2004) and cubist (‘cubist’; Kuhn et al., 2020) regression techniques, which have 

been commonly used for nutrient mapping projects (Hengl et al., 2017; Chlingaryan et al., 

2018). Individual training points representing each foliar community were weighted using 

log10 + 1 of the total number of samples collected within that community. Each machine 

learning model was run using a hyper-parameter grid, the range of parameters of which is 

outlined in supplementary table 2. The model formulation that generated the lowest root 

mean squared error (RMSE) from a 10-fold repeated cross validation was selected. We also 

trained a ‘glm’ model on the outputs of the five machine learning models using the functions 

‘caretList’ and ‘caretStack’ within the ‘caret’ package to build an ensemble model.  

 

Ploton et al. (2020) recently highlighted that the ability of some large-scale ecological 

mapping efforts are overly optimistic due to spatial autocorrelation between the training and 

test datasets. We therefore performed a buffered leave-one-out cross validation (BLOOCV) 

to assess the performance of our five machine learning models and ensemble model as 

nearby data is sequentially removed. As previous studies have utilised distance from the coast 

as a proxy for sodium input (e.g. Clay et al., 2015; Doughty et al., 2016; Bravo et al., 2017), we 

also included a simple linear model using this predictor into our BLOOCV to assess if the 

machine learning models presented here are better than current practice. Appendix B -

supplementary figure 3, provides the workflow for how we implemented our BLOOCV. 

Selecting the predictive model with the lowest RMSE from our BLOOCV, we then predicted 

median foliar sodium concentration for non-woody and woody functional groups across sub-
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Saharan Africa (<15oN) using the 12 predictor variables extracted for every 0.1o grid cells 

across the continent.    

 

Herbivore faecal sodium concentration 

 

To understand if animals are sodium-stressed in low foliar sodium environments, we assessed 

sodium concentrations in the excreta of wild animals. Large vertebrates primarily excrete 

sodium in their urine (Hellgren and Pitts, 1997; Kaspari, 2020). However, collecting urine 

samples to measure sodium concentration levels is particularly difficult in wild animals (Holdo 

et al., 2002). Consequently, we measured concentrations in the faeces of large plant-

consuming mammals across sub-Saharan Africa. Several studies have shown that faecal 

sodium concentration correlates with sodium intake (Weeks et al., 1976; Christian, 1989; 

Hellgren and Pitts, 1997; Clauss et al., 2007; Clauss et al., 2009). Furthermore, individuals with 

low sodium intake show remarkable renal sodium conservation. This means that in low 

sodium environments, faecal sodium may be the predominant excretion pathway (Jordan et 

al., 1973; Michell, 1989). Accordingly, individuals with low faecal sodium may be suffering 

physiological effects of low sodium intake such as inappetence, growth retardance and 

impairment of protein and energy metabolism (Suttle, 2010).   

 

As there is a paucity of large vertebrate herbivore faecal samples that have been analysed for 

sodium in literature sources covering sub-Saharan Africa, we conducted an extensive field 

campaign to assess the extent to which large mammal faecal sodium concentrations mimic 

patterns in foliar sodium concentrations. We conducted faecal collections between 2017-

2019 from 8 wildlife reserves located in southern Africa, where foliar sodium concentration 

shows strong coast – inland gradients (figure 1). The locations and details of our faecal 

collection are outlined in Appendix B - supplementary text 2 and Appendix B - supplementary 

table 3. The results from our field campaign were combined with data from available 

literature sources and unpublished data (see Appendix B - supplementary table 3). In some 

instances, literature sources presented faecal concentration values as the mean across a 

number of individual samples. In these cases, we considered the combined sample as an 

individual measurement. In total, we collated 968 geolocated faecal sodium concentration 

values across 16 large mammal genera from 16 unique locations.  



 
35 

 

To assess the relationship between modelled median foliar sodium concentration and 

herbivore faecal sodium concentration, we classified each mammal species as one of three 

dietary groups (grazer/mixed feeder/browser) based on the ratio of dietary monocots, dicots 

and fruits in Hempson et al. (2015). We then extracted the corresponding geographical 

median foliar sodium concentration estimate for each individual faecal sample, whereby 

grazers were related to non-woody estimates and browsers to woody estimates. For mixed 

feeders, we related modelled foliar sodium concentration to the season empirical samples 

were collected; non-woody estimates in the wet season and woody estimates in the dry 

season based on seasonal changes in diet for this group (Staver and Hempson, 2020). To 

assess if large plant-consuming mammals may be sodium-stressed in modelled low foliar 

sodium concentration environments, we performed a generalised least squares (GLS) 

regression between modelled foliar Na concentration and large herbivore faecal sodium 

concentration for each dietary group.  

 

Foliar sodium and herbivore biomass density 

 

Previous research has shown that large mammal biomass across sub-Saharan Africa is limited 

by the availability of soil nutrients (e.g. Coe et al., 1976; Bell, 1982; East, 1984; Fritz and 

Duncan, 1994; Hempson et al., 2015). However, soil fertility in these studies has been crudely 

measured and is related to vegetation quality and quantity rather than directly to animal 

requirements. Here, we assess how adding dietary foliar sodium concentration affects the 

predictive capacity of statistical models estimating large herbivore biomass across sub-

Saharan Africa.   

 

First, we collated herbivore biomass density data from all large plant-consuming mammals (> 

10kg) in 31 wildlife reserves across sub-Saharan Africa (see Appendix B - supplementary text 

3 for details). It is assumed that large mammal biomass in these reserves is broadly 

representative of animal densities in the pre-colonial era (~1000 years before present; 

Hempson et al., 2015). As with previous studies, we fitted statistical models using covariates 

of rainfall, soil fertility and vegetation type to predict the logged metabolic biomass of all 
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herbivores and split by dietary groups as above (grazers/mixed feeders/browsers). We 

calculated metabolic biomass for each herbivore group in each reserve using equation 3.2.1: 

 

!"# = ∑ "!&
'.)*+

&,- ∗ /&   (eq 3.2.1) 

 

Where MB is the metabolic biomass of wildlife reserve j in kg km-2, and BMi is the body mass 

of species i in kg and Di is the density of species i in individuals km-2. Covariate data was 

extracted as the mean value across each reserve using ArcGIS 10.4.1. Rainfall was calculated 

using mean annual precipitation from WorldClim2 (Fick and Hijmans, 2017) and soil fertility 

from the nutrient availability index (SQ1) in the Harmonised World Soil Database v1.2 (Fischer 

et al., 2008).  

 

To include potentially complex, non-linear relationships, we fitted general additive models 

(GAMs) using the ‘mgcv’ package (Wood, 2011) in the R statistical programme version 3.6.1 

(R_Core_Team, 2019). GAMs have been exploited for many different purposes in ecology (Yee 

and Mitchell, 1991), including predicting the density of large African mammals (e.g. Clark et 

al., 2009). We generated smoothing splines, or non-linear functions, by fitting thin-plate 

splines to rainfall and soil nutrient quality. Vegetation type was modelled as an independent 

factor. To account for potential regional differences in animal survey methodology and 

poaching rates (Schlossberg et al., 2020), we also added region (south, east and west) into 

our model as a random effect. Due to our relatively small sample size, we smooth splines by 

setting the upper number of knots (k) to 3 to prevent model overfitting (James et al., 2013).   

 

We first compare the results of our GAM models to those from Coe et al. (1976), Bell et al. 

(1982), East (1984) and Fritz and Duncan (1994) to ensure that our base model produces 

similar results to current literature. To do this, we generate GAMs for total large herbivore 

biomass and each herbivore dietary group separately using a subset of our data (n=21) 

located in eastern and southern Africa. We then fit the same model to our entire dataset 

(n=31) to assess how the inclusion of wildlife sites in central and west Africa influences model 

performance. Finally, we fit another model using the full dataset for each herbivore group, 

but with the inclusion of median foliar sodium concentration in each wildlife region. For 

grazers we used non-woody estimates of foliar sodium concentration, for browsers we used 
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woody estimates and for mixed feeders and total large herbivore biomass we separately use 

both plant functional types. In all cases, we fitted a thin-plate spline with k equal to 3. We 

determine if the addition of foliar sodium statistically improves model performance by 

computing the Akaike Information Criterion (AIC) for each model and performing an Analysis 

of Variance (ANOVA) test using the F-statistic between models. To understand how foliar 

sodium impacts each GAM, we generated partial dependence plots (PDPs). However, the 

Pearson correlation coefficient between foliar sodium, rainfall and soil fertility covariates was 

high (>0.3; Appendix B - supplementary figure 8a), which violates the assumption of 

independent variables (Hastie et al., 2013). We therefore use two-dimension PDPs, which 

allows for an assessment of how foliar sodium influences GAMs whilst accounting for 

correlation with rainfall and soil fertility.      

 

RESULTS 

 

Machine learning prediction of foliar sodium concentration 

 

When all available training points are included, the ensemble model produces the lowest 

RMSE value of 0.32 (Appendix B - supplementary figure 4a). However, as nearby training 

points are gradually removed, the ability of the machine learning models, including the 

ensemble model, reduces. When all training points within a ~750km radius are removed, the 

ensemble model has the same RMSE as the distance from coast model (RMSE = 0.46). 

Therefore, non-linear models trained on appropriate predictor variables can predict foliar 

sodium concentrations more accurately than simple proxies, but only if similar predictor 

conditions are included in the training dataset. Appendix B - supplementary table 1 shows 

that across the 12 predictor variables used to predict foliar sodium concentration, the 253 

foliar communities used in this study span a significant fraction of the full continental 

spectrum for most variables. Consequently, we used the ensemble model to predict foliar 

sodium for non-woody and woody functional groups across sub-Saharan Africa.  
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Patterns of foliar sodium across sub-Saharan Africa 

 

In general, there is a clear coast-inland gradient with foliar sodium concentrations decreasing 

with distance from the ocean (figure 3.2.2). In arid regions, such as the Horn of Africa and 

Namib desert, the absolute values of this gradient are higher compared to mesic and hydric 

regions, such as west Africa and northern Mozambique. Across regions where mean annual 

precipitation is >1500 mm yr-1, only ~9% has a median foliar sodium concentration >500 mg 

kg-1 (table 3.2.1), a value below which domestic animals display signs of sodium shortage 

(Morris, 1980; Robbins, 1993; Suttle, 2010). Inland hotspots of high foliar sodium 

concentration are associated with inland river deltas (e.g. Okavango, Niger and Congo deltas) 

and volcanic regions (e.g. Ngorongoro crater). Major salt pans, such as Ethosa and 

Makgadikgadi, as well as smaller pans located in southern and eastern Africa are visible as 

sites of elevated foliar sodium concentration. The patterns for non-woody and woody plant 

functional groups are broadly similar. However, non-woody plants have modelled foliar Na 

concentration values 1.8 ± 0.8 times higher than woody plants across the continent. Across 

sub-Saharan Africa (<15oN), 78.1% of non-woody communities (13,390,000 km2) and 88.8% 

of woody communities (15,080,000 km2) have a sodium concentration of <500 mg kg-1 (table 

3.2.1).    

 

 

Figure 3.2.2. Spatial mapping of median community foliar sodium concentration at a 0.1o 
resolution for a) non-woody and b) woody plants across sub-Saharan Africa. 
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 Drivers of foliar sodium across sub-Saharan Africa 

 

 Sodium aerosol deposition is found to be the most important variable for determining 

geographic patterns of foliar sodium concentration across almost all models (Appendix B - 

supplementary figure 5). Soil sodium concentration also shows a strong positive linear trend 

with foliar sodium concentration, whilst soil potassium concentration shows a weak negative 

relationship (Appendix B - supplementary figure 6). Mean annual precipitation has a strong 

  

negative relationship with foliar sodium concentration, highlighting the role of leaching rate 

in determining the availability of sodium within an ecosystem. Net primary productivity also 

had important effects via dilution. Alluvial %, cation exchange capacity, soil clay % and height 

above nearest drainage had small impacts on model performance (Appendix B - 

supplementary figure 5).    

 
Sodium availability in the diets of herbivores 

 

There is a strong positive relationship (R2 = 0.3-0.4) between modelled foliar sodium 

concentration and the sodium concentration of herbivore faeces for grazer, wet season 

mixed-feeder and browser diet groups (figure 3.3.3). However, the relationship between 

 
 
 

Region 

 
 
 

Functional  
group 

Median  
foliar Na 

concentration 
>1000 ppm 

Median  
foliar Na 

concentration 
500-1000 ppm 

Median  
foliar Na 

concentration 
100-500 ppm 

Median  
foliar Na 

concentration 
<100 ppm 

 
Area 

(106 km2) 
 

 
% 

 
Area 

(106 km2) 
 

 
% 

 
Area 

(106 km2) 
 

 
% 

 
Area 

(106 km2) 
 

 
% 

Sub-Saharan  
Africa (<15oN) 

Non-woody 1.58 9.3 2.00 11.8 10.64 62.7 2.75 16.2 
Woody 0.58 3.4 1.32 7.8 9.20 54.2 5.88 34.6 

Precipitation 
>1500 mm yr-1  

Non-woody 0.01 0.2 0.27 9.1 1.78 59.3 0.94 31.3 
Woody 0.02 0.8 0.27 9.0 1.76 58.5 0.95 31.7 

Precipitation 300-
1500  mm yr-1  

Non-woody 1.06 8.7 1.28 10.5 8.02 65.9 1.81 14.9 
Woody 0.25 2.1 0.72 5.9 6.45 53.0 4.76 39.1 

Precipitation 
<300 mm yr-1  

Non-woody 0.51 28.5 0.44 24.6 0.84 46.9 0.0 0.0 
Woody 0.31 17.1 0.33 18.5 0.99 55.0 0.17 9.4 

Table 3.2.1. Foliar sodium concentrations across different regions of sub-Saharan Africa (<15oN).  
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Figure 3.2.3. Relationship between modelled median foliar sodium concentration and 
empirically measured large mammal herbivore faecal sodium concentration for A) grazers, B) 
mixed feeders in the wet season, C) mixed feeders in the dry season and D) browsers. Foliar 
sodium concentration for each faecal sample was extracted based on the primary feeding 
mode of that species based on Hempson et al. (2015), whereby grazers (G) were related to 
non-woody estimates and browsers (B) to woody estimates. Mixed feeders (MF) were related 
to the primary diet during the season the faecal sample was collected (dry season = woody; 
wet season = non-woody). The black line represents a generalised least squares (GLS) fit 
across all mammal genera in that feeding group.  
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modelled foliar sodium and the dry season mixed-feeder faecal sodium concentration is poor 

(R2 = 0.14). This pattern is consistent across all genera included in our dataset that have a 

substantial degree of variance in modelled foliar sodium estimates (see Appendix B - 

supplementary figure 7). Individuals with low faecal sodium concentration will be more 

susceptible to physiological effects of low sodium intake.  

 

Sodium limits herbivore biomass  

 

Our GAM model fitted to herbivore biomass data located in southern and eastern Africa 

confirms the results of Coe et al. (1976), Bell (1982), East (1984) and Fritz and Duncan (1994). 

Herbivore biomass positively increases with rainfall, soil fertility and is higher in mixed 

savannas than caesalpinoid ecosystems (see Appendix B - supplementary figure 9). The 

predictive ability of models varied by diet type from browsers (R2 = 0.13) to total herbivore 

biomass (R2 = 0.29). Extending our GAM models to include data from west Africa produced 

similar results, although the model fit for browsers became weaker (R2 = 0.05). The addition 

of foliar sodium concentration into our GAM model significantly improved almost all models 

to an R2 > 0.3 (table 3.2.2). AIC values calculated for GAMs with foliar sodium were lower than 

models without foliar sodium across all but one herbivore group (table 3.2.2). The only group 

that was not improved was mixed feeders with the inclusion of non-woody foliar sodium. For 

total herbivore biomass, grazer and browser groups, the p-value from an ANOVA test using 

the F-statistic between models was <0.05, also indicating that the inclusion of foliar sodium 

concentration improves model performance (table 3.2.2). For all herbivore groups, herbivore 

biomass density is predicted to increase with foliar sodium concentration up to a threshold 

between 400-1200 mg Na kg-1, after which biomass decreases (figure 3.2.4; Appendix B - 

supplementary figure 10).   
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Table 3.2.2. Results of generalised additive models (GAMs) with and without the inclusion of foliar sodium concentration for groups of large 

mammal (>10kg) herbivores in sub-Saharan Africa based on herbivore group and diet.   

 
 

 

Region 

 

Herbivore 

group 

Modelled foliar 

sodium 

functional group 

 

n 

GAM w/o foliar sodium GAM w/ foliar sodium  

ANOVA 

(F-test) 
 

R2 

 

AIC 

 

R2 

 

AIC 

Foliar 

sodium 

p-value 

Sub-Saharan 

Africa (<15oN) 

All herbivores Non-woody 31 0.20 104.5 0.30 100.8 0.016 (*) 0.011 (*) 

Sub-Saharan 

Africa (<15oN) 

All herbivores Woody 31 0.20 104.5 0.39 97.4 0.008 (**) 0.008 (**) 

Sub-Saharan 

Africa (<15oN) 

Grazers Non-woody 31 0.22 101.9 0.36 97.0 0.033 (*) 0.032 (*) 

Sub-Saharan 

Africa(<15oN) 

Mixed feeders Non-woody 30 0.26 114.5 0.26 115.4 0.373 0.437 

Sub-Saharan 

Africa(<15oN) 

Mixed feeders Woody 30 0.26 114.5 0.33 112.0 0.015 (*) 0.055 

Sub-Saharan 

Africa(<15oN) 

Browsers Woody 30 0.05 137.0 0.30 130.2 0.022 (*) 0.025 (*) 

42 
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DISCUSSION 

 

Machine learning methods for estimating foliar sodium concentrations 

 

Predictive machine learning methods provide a robust quantitative framework for estimating 

the geography of nutrients across landscapes (Hengl et al., 2017; Chlingaryan et al., 2018). 

One of the primary advantages of these methods is that they are capable of solving non-linear 

interactions between multiple predictor variables (James et al., 2013). Here, we show that an 

ensemble of machine learning techniques trained using a suite of 12 appropriate predictor 

variables (see Appendix B - supplementary table 1) improves upon current proxies used to 

estimate changes of foliar sodium concentration at a continental scale (Appendix B - 

supplementary figure 4a). However, machine learning methods trained on small datasets 

such as ours (n=253) can produce unexpected outcomes (James et al., 2013), and individual 

model performance was poor when nearby samples were removed to prevent spatial 

autocorrelation (Ploton et al., 2020). There are large areas (41%) of the continent that are 

>500 km away from the nearest training point (Appendix B - supplementary figure 4b). In 

particular, the Horn of Africa, Congo rainforest and coastal west Africa are poorly represented 

in our training dataset. However, an assessment of how individual variables impact model 

prediction reveals logical outcomes, which gives confidence that our continental-scale maps 

of foliar sodium concentration are robust (Appendix B - supplementary figure 6). Additional 

data will further improve our confidence in these maps, especially in key areas such as the 

Congo rainforest and Awash valley, which are precited as sites of high foliar sodium, but have 

no validation dataset. Soil sodium concentration is high in both of these sites (Appendix B - 

supplementary figure 2). However, the soil sodium dataset used in this study is from another 

predictive mapping project, which has a poor fit for this element (Hengl et al., 2015). 

Therefore, our model predictions will likely also be improved with the development of more 

accurate predictor variables. A recent iterative set of studies mapping nutrient concentrations 

in soils across sub-Saharan Africa reveals substantial improvement to model performance as 

the training sample expands, predictor variable quality improves and novel machine learning 

methods are incorporated (Hengl et al., 2015; Hengl et al., 2017; Hengl et al., 2020).    
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Despite issues regarding the small sample size and predictor variables used in our study, the 

foliar sodium concentration predicted by the ensemble model (figure 3.2.2) concurs with 

literature sources. There is a clear coast-inland gradient (Seastedt and Crossley, 1981), arid 

regions have higher foliar sodium (McNaughton, 1988) compared to mesic regions (Rothman 

et al., 2006; Rode et al., 2006) and volcanic regions and inland deltas are sites of high 

ecosystem sodium (Balagizi et al., 2015; Selemani et al., 2017).  

 

Sodium stress in plant-consuming mammals 

 

Faecal concentrations are imperfect measures of nutrient-stress in large vertebrate animals, 

yet have been employed extensively to assess nutrient deficiency across a broad spectrum of 

large African mammals (e.g. Wrench et al., 1997; Grant et al., 2000). Observed patterns may 

result from a combination of different nutrient intakes, assimilation strategies and dilution 

from less digestible components of diet (Abraham et al., 2021). With respect to sodium, urine 

is the primary excretion pathway and responds more rapidly to low-sodium diets than faecal 

concentration (Hellgren and Pitts, 1997). Furthermore, the proportion of sodium lost via 

faeces varies by species. For example, black rhino (Diceros bicornis) is particularly susceptible 

to endogenous faecal losses of sodium when compared to other large hindgut fermenters 

(Clauss et al., 2007). Nevertheless, faeces are a reflection of the resources actually consumed 

by an individual and can provide helpful insights (Weeks et al., 1976; Christian, 1989; Wrench 

et al., 1997). In this case, faecal concentrations represent undigested plant components, 

unabsorbed sodium and endogenous faecal losses as a result of metabolic processes. There 

is a clear relationship between modelled average foliar sodium concentration and faecal 

sodium concentration in our study for all diet groups (figure 3.3.3). This indicates that in 

general most herbivores living in low sodium environments are consuming plants with less 

sodium.  

 

Animals living in low-sodium environments can satisfy their sodium deficit by 1) increasing 

their consumption, 2) selectively consuming plants with higher sodium or 3) consuming 

alternative sources of sodium such as enriched soils (licks), animal carcasses or water sources 

(Kaspari, 2020). The large range of faecal sodium concentrations present in our dataset for a 

given modelled foliar sodium concentration suggests that at least some individuals have 
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accessed additional sources of sodium (figure 3.3.3). However, the very low values (<100 mg 

kg-1) observed in low foliar sodium environments also suggests that at least some individuals 

did not gain large amounts of sodium from alternative sources prior to sampling. If access to 

sodium supplements occurs sporadically, the faecal sodium concentrations measured may be 

very dependent on the timing of sampling. There appears to be no clear difference in faecal 

sodium concentrations between diet type or gut fermentation strategy (Appendix B - 

supplementary figure 7). Based on the faecal samples collated here, we believe that some 

individuals are likely to be sodium-stressed in our modelled low-sodium environments, which 

may act as a constraint on their survival and population growth (Aumann and Elmen, 1965; 

Jordan et al., 1973; Kaspari, 2020). In particular, females that are pregnant or lactating are 

likely most susceptible to sodium shortages (Blair-West et al., 1968; Michell, 1989). Future 

studies that assess species-specific faecal sodium concentration thresholds below which 

individuals suffer physiological issues of sodium-shortage will help determine the proportion 

of individuals in our dataset are sodium-stressed.   

 

Sodium limits large mammal biomass 

 

The inclusion of foliar sodium concentration improves GAM performance across most 

herbivore groups (table 3.2.2). In particular, the inclusion of sodium improves the prediction 

of large browser (>10 kg) biomass, with a large decrease in AIC and substantial increase in R2 

from 0.05 to 0.30. With the inclusion of foliar sodium, the relationship between browser 

biomass and other covariates of rainfall, soil nutrient fertility and vegetation type strengthens 

and supports previous studies (Appendix B - supplementary figure 9; Coe et al., 1976; Bell, 

1982, East, 1984, Fritz and Duncan, 1997; Hempson et al., 2015). That our GAM improves the 

most for browsers following the inclusion of foliar sodium makes sense given this group feeds 

from woody plants, which generally display lower concentrations of foliar sodium (figure 

3.2.1). Total herbivore biomass and grazers display similar conclusions to browsers, although 

the improvement to model performance is of a smaller magnitude. However, the ANOVA test 

between GAMs for mixed feeders returns a p-value > 0.05 for both plant functional types 

(table 3.2.2), suggesting that foliar sodium is not statistically important for predicting biomass 



 
46 

in this group. Mixed feeders are able to exploit a wider set of dietary niches, which may allow 

them to preferentially consume plants with higher foliar sodium (Staver and Hempson, 2020). 

Figure 3.2.4. Two-dimension partial dependence plots showing the relationship of A) non-
woody foliar sodium concentration and rainfall, B) non-woody foliar sodium concentration and 
soil fertility, C) woody foliar sodium concentration and rainfall and D) woody foliar sodium 
concentration and soil fertility within generalised additive models (GAMs) for predicting log 
metabolic biomass (kg) of total herbivore biomass. Rainfall was calculated using mean annual 
precipitation from WorldClim2 (Fick and Hijmans, 2017) and soil fertility from the nutrient 
availability index (SQ1) in the Harmonised World Soil Database v1.2 (Fischer et al., 2008) where 
1 is high and 5 is low fertility. Points represent 31 independent wildlife areas used to build GAM 
models.  
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In all GAMs with the inclusion of foliar sodium, there exists an increase of herbivore biomass 

with increasing foliar sodium concentration up to a threshold (for example see figure 3.2.4 

for PDPs relating foliar sodium, rainfall and soil fertility to total herbivore biomass). Given 

there are just two wildlife reserves with high foliar sodium >1000 mg kg-2 (Hluhuwe-iMfolozi 

and Makgadikgadi), we must be careful not to over-interpret these results. However, the 

threshold value in figure 4 occurs between 400-1200 mg kg-2, which corresponds closely to 

the minimum quality threshold described in studies assessing sodium requirements in 

domestic and wild animals (Morris, 1980; Robbins, 1993; Suttle, 2010; Pretorius et al., 2012). 

Therefore, our results suggest that where it occurs in low concentrations, foliar sodium limits 

large herbivore biomass, but this limitation lasts only until a threshold value, at which point 

sodium does not influence large mammal density. The maximum tolerance of sodium in the 

diet of large vertebrates is high (20,000-90,000 mg Na kg-1; NRC, 2006). Therefore, it is unlikely 

that a substantial proportion of sub-Saharan Africa is biomass limited due to excessive 

sodium, although this may occur in the Namib and Somali deserts (figure 3.2.2).  

 

West Africa has the lowest regional foliar sodium concentration across the continent for both 

non-woody and woody functional groups (figure 3.2.2). Previous studies have highlighted that 

the biomass of very large animals (megaherbivores > 1000 kg) in west Africa tends to be lower 

when compared to sites in east and southern Africa (Bell, 1982; Fritz and Duncan, 1997). Here, 

we suggest that sodium may be an important constraint on megaherbivore biomass in 

tropical west Africa. Diet quality scales negatively with body size (Clauss et al., 2013) and thus 

large animals may not be able to selectively consume foliage with higher sodium 

concentrations. In west Africa, foliar sodium concentrations are between 10-100x lower than 

the minimum threshold required for large herbivores (Pretorius et al., 2012). Therefore, due 

to limitations in gut capacity, simply consuming more to satisfy requirements is a physiological 

impossibility. Consequently, if alternative sources of sodium are limited, we suggest a 

nutritional explanation for differences in large mammal community structure throughout 

sub-Saharan Africa.  

 

Our study provides a single snapshot in time of foliar sodium concentrations. Interplay 

between factors driving spatio-temporal dynamics of foliar sodium over short and long 
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timescales, including climate change (Schofield and Kirkby, 2003) and anthropogenic dispersal 

(Weir, 1972; Kaspari et al., 2010) may exacerbate or reduce sodium limitation on plant-

consuming animal populations. Defaunation may also influence foliar sodium if sodium-rich 

species are no longer selectively consumed (Griffith et al., 2017; Borer et al., 2019) or if 

concentrations are diluted via a greater accumulation of uneaten vegetation biomass. Sodium 

has gained increasing attention in ecology (Kaspari, 2020). Here, we have developed a 

quantitative framework for predicting foliar sodium concentrations across sub-Saharan Africa 

and shown that these results improve our understanding of large-mammal biogeography. 

Further studies are needed to refine and assess how sodium limits specific communities today 

and over the coming century. 
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3.3 BUSHMEAT HUNTING SIGNIFICANTLY REDUCES TRANSPORT OF KEY NUTRIENT BY 

LARGE VERTEBRATES IN LOWLAND AMAZONIA (prepared for submission to Proceedings 

of the National Academy of Sciences).  

 

INTRODUCTION 

 

Allochthonous nutrient input in the bodies and excreta of large vertebrates is an important 

nutrient subsidy for marine and terrestrial ecosystems throughout the world (Roman et al., 

2014; Doughty et al., 2016a; Otero et al., 2018). A specific vector that has gained attention is 

the transport of nutrients such as nitrogen (N) and phosphorus (P) from nutrient-rich riparian 

systems to neighbouring nutrient-poor uplands by large vertebrates. For example, 

Hilderbrand et al. (1999) found that brown bears (Ursos actus) feeding on nitrogen-rich 

salmon individually redistributed >30kg N  year-1 within 3 km of the stream. Whilst this 

nutrient redistribution pathway has received substantial recognition in temperate and boreal 

systems (Subaluksy and Post, 2018; McInturf et al., 2019), there has been less consideration 

in tropical forests regions such as the Amazon rainforest.  

 

The Amazon basin is a hyper-diverse ecosystem that extends over ~7 million km2 of South 

America, forming an essential component of global biogeochemical cycles and important for 

climate regulation (Malhi et al., 2008). The basin is characterised by a soil fertility gradient 

extending from Andean nutrient-rich sediments in the west (13% by area) to the highly 

weathered ~100 Myr soils of lowland Amazonia (Hoorn et al., 2010; Higgins et al., 2011). Rock-

derived nutrients such as P, calcium (Ca) and magnesium (Mg) are transported from the 

Andes mountains to lowland Amazonia through an arterial network of nutrient-rich 

whitewater rivers. During seasonal floods, minerals from white-water rivers are deposited 

onto wide floodplains, known locally as várzea (VZ) (Quesada et al., 2010). These productive 

ecosystems can extend >10km either side of the main river channel (Junk et al., 2011) and 

provide an important fertile resource for human and animal communities (Costa and 

Brondízio, 2010; Costa et al., 2018). However, for much of the Amazon basin, which is either 

classified as terra firme (TF) and lies above the maximum height of the seasonal floods or is 
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fed by nutrient-poor black- or clear-water rivers, the ecosystems here remain nutrient 

deficient (Doughty et al., 2013; Buendía et al., 2018).  

 

In particular, due to low input as a result of limited tectonic uplift and atmospheric deposition 

(Buendía et al., 2010), the Amazon has long been understood to be P-limited (Vitousek and 

Sanford, 1986). In tropical forests, spatial heterogeneity in P influences plant composition and 

allocation of P to tissues (Terborgh et al., 2002; Haugaasen and Peres, 2006; Higgins et al., 

2011). Consequently, plants growing in P-rich várzea soils develop structures elevated in P 

compared to plants growing in terra firme forests (Vituosek and Sanford, 1986; Furch and 

Klinge, 1989; Stevenson and Guzmán-Caro, 2010). P is a crucial element for cellular structures 

(e.g. DNA) and processes (e.g. ATP) in both plants and animals. In the past, P was transported 

from ocean depths and redistributed through continental interiors by animals. However, 

today species extinctions, abundance reductions and constraints on animal movements have 

reduced biotic transport of P by >90% (Doughty et al., 2016a). Regions of the Amazon basin 

where hunting pressure is low, represent some of the last systems where P transport by large-

vertebrates may be analogous to the late-Pleistocene (Bogoni et al., 2020).   

 

A limited number of studies have assessed the role of animals as mobile P linkages between 

várzea and terra firme ecosystems in the Amazon basin. For example, Stevenson and Guzmán-

Caro (2010) empirically calculated that a group of woolly monkeys (Lagothrix lagothricha 

lugens) in Columbia transported 1-4 g P ha-1 yr-1 from várzea to terra firme ecosystems in the 

form of undigested fruit seeds. Importantly, this flux of P by a single species was found to be 

of the same order of magnitude as abiotic inputs such as atmospheric deposition and local 

weathering. Two theoretical modelling studies have upscaled these findings to include a 

larger complement of animal agents. First, Doughty et al. (2013) utilised an allometric scaling 

framework to demonstrate that lateral P redistribution by large herbivores decreased by 98% 

due to late-Pleistocene extinctions of large mammals. Buendía et al. (2018) further establish 

the role of large herbivores, whilst also assessing the role of detritivores for significantly 

enhancing P content in terra firme ecosystems.   

 

Whilst these theoretical modelling studies have brought attention to biotic nutrient transport 

by large-vertebrates in lowland Amazonia, they are based on differential equation 
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frameworks, which impose static, top-down parameters such as population density and daily 

movement distance (DeAngelis and Grimm, 2014). In reality, dispersal processes by large 

vertebrates are strongly mediated by individual-level decisions such as movement strategy 

and forage selection that influence the magnitude and direction of nutrient redistribution by 

animals (McInturf et al., 2019). Here, we develop an individual-based model (IBM) that can 

assess the transport of P by individual large-vertebrates from the fertile floodplains to 

nutrient-poor uplands in Amazonia lowlands. We focus on large vertebrates as they have 

previously been shown to be the primary agents of nutrient transport across nutrient 

discontinuities (Wolf et al., 2013; Doughty et al., 2013). However, we recognise the 

importance of smaller organisms as agents of nutrient redistribution on sub-kilometre scales 

(Buendia et al., 2018; Veldhuis et al., 2018). We parameterise our model for a well-studied 

region of the western Amazon basin and validate our results using in situ foliar P 

concentration data.  

  

Like other tropical forest regions, the Amazon is suffering from defaunation (Dirzo et al., 2014; 

Abrahams et al., 2017). This has reduced the capacity of large-vertebrates for dispersal 

services including the dispersal of seeds (Wright et al., 2001; Tucker et al., 2021) and nutrients 

(Doughty et al., 2013; Villar et al., 2021). With respect to nutrients, the impacts of defaunation 

will likely be most severe for terra firme forests near to the nutrient discontinuity, where 

biotic subsidies are greatest (Stevenson and Guzman-Caro, 2010; Doughty et al., 2013). Terra 

firme forests located near to river floodplains are an important resource for indigenous and 

ribeirinho (river-people) communities that live in lowland Amazonia. Only ~5% of the fertile 

várzea is suitable for agriculture (Junk et al., 2010), therefore, nearby terra firme forests, 

which are not seasonally inundated become preferred sites for agriculture and the extraction 

of forest products (Newton et al., 2011). However, pressure on terra firme forests is increasing 

(Pfaff, 1999). Between 1960 and 2010, the population of legal residents living in the Brazilian 

Amazon increased 10-fold from ~2.5 million to 24.3 million (IBGE, 2010). Consequently, 

maintaining the fertility of terra firme forest within 10km of the VZ-TF boundary is essential 

for the long-term persistence of rural communities that rely on subsistence farming and forest 

products (Junk et al., 2010; Costa and Brondízio, 2010). Using our individual-based model, we 

assess how defaunation will impact the transport of P by large mammals and consequential 

changes to nutrient fertility in terra firme forests.   
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METHODS 

 

Study site 

 

This study was carried out within the 1,637,008 ha Médio Juruá region of western Amazonia. 

The Médio Juruá largely consists of unflooded primary terra firme forest (63.9%) and 

seasonally flooded várzea forests (30.0%) along the margins of the Juruá river (figure 1). The 

Juruá River originates in the fertile pre-Andean Ucayali Highlands and is the second largest 

white-water tributary of the Amazon. Mean monthly river discharge varies from 135 m3 s-1 in 

August-October to 1407 m3 s-1 between January-May coincident with the precipitation regime 

of the region (data collected at the Porto do Gavião station 1973-2010; supplementary figure 

4). The seasonal flooding of várzea forests between January-June deposits large quantities of 

rock-derived nutrients including P, Ca, Mg and K (Furch, 1997; Quesada et al., 2010). The 

magnitude of local nutrient deposition is mediated by topographical differences in várzea 

forests, which causes heterogeneity in flood depth and inundation period (figure 3.3.1).  

 

 

Figure 3.3.1: Map of the the Medio Juruá study site located in the central Rio Juruá region 
of western Brazilian Amazonia, Amazonas, Brazil. Inset map shows the geographic location 
of the study site. Two sustainable extractive reserves are outlined in black. Map colour 
represents forest type and várzea inundation period from Hawes et al. (2012).    
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Within the Médio Juruá there are two sustainable extractive reserves; Uacari Sustainable 

Development Reserve (632,949 ha) and the Médio Juruá Extractive Reserve (253,227 ha) 

(figure 1). These reserves inhabit ~4000 legal residents distributed between 74 local 

communities, who engage in agricultural and extractive activities, including bushmeat 

hunting (Newton et al., 2011; Campos-Silva and Peres, 2016; Abrahams et al., 2017). Using a 

large network of camera traps, Abrahams et al. (2017) found that large vertebrate abundance 

is higher within the reserves and decreases with proximity to two nearby urban centres 

(Itamarati ~10,000 inhabitants; Carauari ~25,000 inhabitants).  

Individual-based model 

Individual-based models (IBMs) represent an alternative approach for assessing the 

importance of nutrient transport by large vertebrates. An IBM can represent individuals – in 

this case individual animals – with the ability of performing decision-making tasks at the scale 

of an individual (DeAngelis and Grimm, 2014). Consequently, limitations of the Doughty et al. 

(2013) and Buendía et al. (2018) models, such as an assumption of random movement, can 

be overcome. However, IBMs are computationally expensive precluding their utilisation at 

large (e.g. continental) scales.  

 

We model our IBM in the Netlogo platform (https://ccl.northwestern.edu/netlogo/). Netlogo 

is an open-source, multi-agent programmable language suitable for modelling emergent and 

dynamic phenomena (Tisue and Wilensky, 2004) and has been applied to help answer 

biological and ecological questions across a broad spectrum of environments and scales 

(Wilensky and Reisman, 2006, DeAngelis and Grimm, 2014).  

 

To understand the role of large mammalian vertebrates for cross-system P transport, we 

construct a simple transect model, which straddles the primary nutrient discontinuity in our 

study site. In this transect, we model a 10km width of várzea, which is broadly realistic for the 

Juruá study site (Costa et al., 2018). Perpendicular, we model a 25km stretch of terra firme, 

which does not receive P input from nutrient-rich river water (see Appendix C - 

supplementary figure 2). Following Doughty et al. (2013), we only model a vegetation stock 

of nutrients, which we calculate for each 1ha grid cell by assuming a constant leaf mass area 
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(LMA) of 100 g m-2 and a leaf area index (LAI) of 4 (Doughty et al., 2013). All várzea grid cells 

are initialised with a leaf P concentration value of 2 mg g-1 based on results from the field 

component of this study (see figure 2). All terra firme grid cells are initialised with a leaf P 

concentration value of 0.55 mg g-1 based on the results of Furch and Klinge (1989), who 

collected foliar concentration data from 220 plant species located in terra firme and 

blackwater environments geographically distant from várzea locations. This value is similar to 

that determined by Vituosek and Sanford (1986) in low-fertility soil locations across moist 

tropical forests in Venezula, Brazil and Columbia. This results in an initial foliar P stock in 

várzea grid cells of 8 kg ha-1 and in terra firme grid cells of 2.2 kg ha-1.  

 

We use a modelled time step of 6 hours. This was chosen to efficiently represent important 

sub-daily dynamics (e.g. animal movement, gut passage time), but reduce the length of 

simulations. For example, a 1000 year simulation using a 6 hour time step results in modelling 

1460000 iterations compared to 8760000 iterations if we were to use an hourly time step.   

 

At the beginning of each timestep we add G, a value representing the abiotic input of P from 

aerosol deposition and local soil weathering. In the western Amazon basin, the rates of abiotic 

P input are poorly understood (Mahowald et al., 2005; Yu et al., 2015; Buendía et al., 2018; 

Prospero et al., 2020). Modelled estimates of P dust deposition alone range from 9-148 g P 

ha-1 yr-1 (Propsero et al., 2020). Moreover, due to the increase of fires throughout South 

America, in undisturbed sites such as the Medio Juruá, biomass burning may contribute a 

significant increase of P deposition today compared to at the end of the last glacial maximum 

(Mahowald et al., 2005). Using empirical data, Vituosek and Sanford (1986) estimate total 

atmospheric deposition rates to be between 161-300 g P ha-1 yr-1. The additional local 

weathering flux is likely to be small, but may be as high as 80 g ha-1 yr-1 (Buendía et al., 2018). 

Consequently, we run different simulations with G values of 100, 300 and 500 g P ha-1 yr-1, 

which likely encompasses the true value (see Appendix C - supplementary table 1). We are 

interested in the proportion of G that will enter the vegetation stock and become available to 

herbivores as forage. Doughty et al. (2013) calculated that vegetation P is 1% of the total liable 

P stock. Therefore, we model 1% of the G value immediately entering the foliage stock each 

timestep. To represent a constant P supply entering the várzea system due to P-rich 
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floodwater (Furch, 1997; Quesada et al., 2010), we reset the total P stock in várzea cells each 

time step to a foliar concentration value of 2 mg P g-1 (equal to 8 kg P ha-1).  

 

The importance of allochthonous nutrient input by animals is contingent upon the rate at 

which nutrients are leached from the system. Soluble elements (e.g. sodium) are readily 

leached from the environment, which reduces the long-term significance of biotic nutrient 

inputs (Doughty et al., 2016b). In contrast, plant-limiting elements such as P are recycled 

tightly within the ecosystem and the effects of animal subsidies may last for millennia 

(Doughty et al., 2013). However, leaching rates of nutrients from an ecosystem are very 

difficult to ascertain due to multiple vectors (overland flow, ground water leaching, animal 

consumption, biomass burning), which are challenging to measure and have large 

spatiotemporal variability (Beunida et al., 2010). Here, we estimate leaching rates based on 

foliar P concentrations from 220 plant species located geographically distant to whitewater 

river systems (Furch and Klinge, 1989). If we assume that these systems do not receive any 

allochthonous biotic P input and are in steady-state, then P inputs must equal P outputs. 

Consequently, we can estimate a first order P leaching rate (K) for each G value based on 

equation 3.3.1:   

 

! = #.#%∗'
()*+

    (eq 3.3.1) 

 

Where 0.01 represents the proportion of abiotic P input (G) entering the vegetation stock and 

the mass of vegetation P stock (Vegp) is calculated using the value of foliar P concentration of 

0.55 mg g-1 from Furch and Klinge (1989), a constant LMA of 100 g m-2 and an LAI of 4 (Doughty 

et al., 2013).  

 

We include 14 species of large mammalian vertebrates >3kg in our IBM. Table 1 provides 

details of which species are present in our study site and their specific trait values. Note, we 

removed the two toed sloth (Choloepus didactylus) from our analysis, because whilst this 

species is >3kg, it displays characteristics that make its contributions to nutrient dispersal 

minimal (e.g. low metabolic rate and dispersal; Vendl et al., 2016). We calculated key 

functional traits for each individual that are pertinent for estimating nutrient transport 
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including consumption, assimilation, movement and defecation (see Appendix C -

supplementary text 1 for full details on model implementation). Importantly, we model a 

range of individual movement and forage strategies defined using an allometric estimate of 

daily dispersal distance.  

 

First, we model a Brownian walk (BW), whereby in each timestep an animal turns to a random 

direction and moves forward by its mass-specific step length. This approach is the same to 

that taken by Doughty et al. (2013). Next, we model a correlated random walk (CRW) where 

animals move erratically towards a specific direction (Auger-Méthé et al., 2015). However, 

over time, this initial direction in motion progress diminishes into a random walk. As most 

animals have a tendency to move in a “persistent” direction, this walk model has been 

commonly used in various ecological contexts including in the modelling of seed movement 

by large mammals (Codling et al., 2008; Pires et al., 2018). For this movement strategy, we 

also draw the step distance in each timestep from an exponential distribution. This replicates 

the inconsistent nature of animal movement, whereby animals may stay in one location for 

some time before quickly moving a large distance to a new location (Kernohan et al., 2001). 

We draw the direction change at each timestep from a normal distribution between -30o to 

30o of the current heading. Finally, we include active selection of high-P forage (PS). If 

nutritionally stressed, animals selectively consume forage with higher nutrient content 

(Suttle, 2010; Sach et al., 2019). In the case of our study site, large vertebrates have been 

recorded moving into the fertile, high-P várzea environments to access nutritious food (Costa 

et al., 2018). We therefore take into account the quality of forage for animal movement 

patterns. First, we record the intake history over the previous 14 days using a threshold value 

of 1.5 mg g-1 (Suttle, 2010; Pretorius 2012). If the foliar P concentration of the grid cell is 

greater than this threshold in at least 50% of the last 14 days, we consider the animal to have 

been nutritionally satisfied and it will move with a random walk (BW or CRW) across the 

landscape. However, if the animal is nutritionally stressed (i.e. the foliar P concentration of 

grid cells eaten from have been less than the threshold in 50% of the last 14 days) the animal 

actively seeks out grid cells with higher P. For this we allow the search radius to be 150% of 

the average step length. To prevent all animals congregating at the same grid cells, for each 

individual we randomly select a grid cell which is within their search radius with the highest 

30% of foliar P concentration.   
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Table 3.3.1. Traits for the 14 species > 3kg present in the Jurua study region included in the agent-based model. Two-toed sloth (Choloepus 
didactylus) has not been included. Population density estimated using line transect census data (see supplementary text 1). Age to maturity and 
death taken from AnAge (https://genomics.senescence.info/species/). Gut passage time calculated using the methods of Abraham et al. (2020). 
Hunting pressure from Abrahams et al. (2017) and scales from 0 (not hunted) to 3 (preferred). 
 
 
 
Species 

 
Body 
mass 
(kg) 

Population 
density – 

low 
hunting  
(n km-2) 

Population 
density – 

high 
hunting  
(n km-2) 

Age to 
maturity 

(days) 

Age 
to 

death 
(days) 

Gut 
passage 

time 
 (hrs) 

Diet  
Habitat 
strata 

 
Hunting 
pressure 

 
% 

leaves 

 
% 

fruit 

 
% 

seed 

Tapirus terrestris 180.0 0.60 0.27 1095 9964 88.2 70 30 0 T 3 
Tayassu percari 32.2 11.37 0.00 548 7281 27.5 5 30 65 T 3 
Mazama americana 22.8 2.53 0.81 395 4369 48.0 80 0 20 T 3 
Pecari tajacu 21.2 7.56 3.02 329 8048 41.9 5 30 65 T 3 
Mazama nemorivaga 16.6 1.06 0.63 395 3781 42.5 50 30 20 T 3 
Cuniculus paca 8.2 4.50 1.50 365 4164 27.7 50 20 30 T 3 
Ateles chamek 8.0 22.03 1.63 1515 10935 12.7 20 70 10 A 2 
Lagothrix cana 7.5 19.22 10.78 1520 8176 15.3 30 60 10 A 2 
Alouatta seniculus 6.1 15.49 4.15 1475 6387 25.1 70 30 0 A 2 
Coendou spp. 4.6 2.00 2.00 578 6796 26.4 70 30 0 A 0 
Dasyprocta spp. 4.5 18.12 5.30 193 4547 23.2 50 40 0 T 2 
Nasua nasua 3.7 4.01 1.53 730 6055 20.1 0 70 0 S 0 
Cacajao calvus 3.5 3.71 0.26 1204 9146 18.5 10 70 0 A 0 
Potos flavus 3.0 2.00 2.00 820 9811 13.1 80 0 0 A 0 
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Using the above movement walks, individuals can move throughout our modelled landscape 

with low-high levels of intelligence (purpose and/or ‘awareness’ of the nutritional 

environment). We also model differences between how terrestrial and arboreal animals use 

space. For 6 months of the year, the várzea is completely flooded and terrestrial animals 

cannot access this ecotone (see Appendix C - supplementary figure 4; Costa et al., 2018). 

However, arboreal animals can and do continue to make excursions (Stevenson and Guzmán-

Caro, 2010). Therefore, we only allow terrestrial animals access to várzea grid cells for 6 

months of each year.  

 

As a result, the P budget for each grid cell is calculated using equation 3.3.2:  

 
!"

!#
= % + ' − )	 − +,	      (eq 3.3.2) 

 
 

Where G is the abiotic input of P, E is biotic input of P from large vertebrate excretion and 

carcasses, C is P losses due to large vertebrate consumption and K is first order loss rate of P 

due to leaching and occlusion. There is a paucity of empirical data available to validate the 

flux of P transport by large vertebrates in our model. However, our model is consistent with 

field measurements undertaken for woolly monkeys (Lagothrix lagothricha lugens) at Tinigua 

Park, Columbia (see Appendix C - supplementary text 2 for model validation).      

 
Foliar data collection  

To ensure our ABM produces realistic patterns of vegetation P concentration, we compared 

our simulation outputs to empirical foliar concentration measurements collected in the 

Medio Juruá region. Foliar P concentration in the Neotropics is strongly related to the 

environment and displays a small phylogenetic signal (Fyllas et al., 2009). However, to ensure 

concentration differences were not caused by changes in vegetation composition (Terborgh 

et al., 2002), we focused our collection on four genera of plants (cecropia spp, hevea spp, 

virola spp and inga spp) common to both várzea and terra firme environments. We collected 

foliar samples (n=475) between June-August 2018, when the discharge of the Juruá river was 

low (Appendix C - supplementary figure 4) and access to várzea forests on foot was possible. 

We undertook 16x ~6km transects located in primary forest, which straddled the VZ-TF 
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nutrient discontinuity (figure 3.3.1). Along each transect we opportunistically collected ~5g 

foliar samples from our focal plant genera. Samples were dried and transported to Manaus, 

Brazil, for nutrient analysis at the Instituto Nacional de Pesquisas da Amazônia (INPA). P 

concentration of each foliar sample was extracted using Melhich-1 extracting solution and 

determined spectrophotometrically (UV-visible) with an accuracy of ±1.2 ppm.  

 

For each terra firme sample, we calculated the distance to the nearest várzea in ArcGIS 10.4.1 

using the flood pulse maps generated by Hawes et al. (2012; figure 3.3.1) based on ALOS-

PALSAR imagery. We then grouped measurements into 250m distance bins and calculated 

the mean P concentration for each genus and across the total community per distance bin. 

To extend the relationship between foliar P concentration and distance from VZ-TF boundary, 

we fitted an exponential decay function to the data using equation 3.3.3:  

 

,! = ,-..0 + (,2 − ,-..0). 456!         (eq 3.3.3) 

Where Pd is the mean foliar P concentration (mg P g-1 DM) at a distance (d) in metres from 

the VZ-TF boundary, P14.3 is 0.74 mg P g-1 DM based on data collected 14.3 km from the VZ-TF 

boundary and P0 is 1.5 mg P g-1 DM the mean foliar P concentration at the VZ-TF boundary. K 

is set to 0.0006 to fit the steep decay of mean foliar P concentration in the first 3km (figure 

2). Due to uncertainty in our values of P14.3 (small dataset; n=5) and P0 (do the 4 genera 

sampled represent the entire community?), we fit uncertainty bounds using ±25% to these 

values. For P14.3 this uncertainty includes the baseline value assuming no biotic input of 0.55 

mg P g-1 DM (Vituosek and Sanford, 1986; Furch and Klinge, 1989).  

Bushmeat hunting scenarios 

To compare modelled and empirical patterns of vegetation P concentration, we set the 

population density for each species in our model to a low-hunting scenario (table 3.3.1). 

Densities were estimated using line transect data collected over 30 years in protected 

reserves of the Medio Juruá region (Carlos Peres, personal communication). We then ran our 

model for 5000 years, at which point it had reached quasi-steady state. At the year 5000, we 

selectively removed animals from the simulation to reduce species to a density in the high-

hunting scenario (table 3.3.1) and continued the simulation for a further 2000 years. This 
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represents the arrival of large numbers of ribeirinhos at the beginning of the rubber boom 

between 1879-1912 (Antunes et al., 2016) and subsequent reduction in large vertebrate 

densities due to bushmeat hunting (Abrahams et al., 2017).  

RESULTS 

Empirical patterns of foliar P 

 

Mean community foliar P concentration is highest in várzea forests. As the inundation period 

decreases from > 8 months to < 4 months, mean foliar P decreases from 2.21 to 1.76 mg g-1 

Figure 3.3.2: Patterns of foliar phosphorus (P) concentration in the Medio Juruá region. All 
measurements were categorised as várzea or terra firme based on inundation maps of Hawes 
et al. (2012). Várzea measurements were grouped based on inundation period. Terra firme 
measurements were grouped into 250m distance bins based on distance from the várzea-
terra firme boundary. The black line represents mean community foliar P concentration.  
Additional samples were collected 14.3km from the várzea-terra firme boundary with a mean 
value of 0.74 mg P g-1.  Dashed line extends empirical measurements by fitting an exponential 
decay based on equation 3.3.3. Dot-dash lines represent 25% uncertainty in this fit.    
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(figure 3.3.2). There is then a clear step decrease in mean community foliar P concentration 

crossing the VZ-TF boundary. Foliar P concentration in terra firme forests displays an 

exponential decay with distance from the VZ-TF boundary (figure 3.3.2). This pattern is 

consistent across all 4 genera sampled (Appendix C - supplementary figure 5). There are, 

however, differences in foliar P concentrations between genera with virola spp displaying 

generally lower values and hevea spp displaying higher values.    

 

Comparison of IBM and empirical patterns  

 

All model simulations generate an exponential decay of terra firme foliar P concentration with 

increasing distance from the VZ-TF boundary, which is consistent with empirical 

measurements (figure 3.3.3). However, the rate of decay and absolute P values varies 

between simulations. In general, simulations parameterised with active P selection turned 

on, have higher terra firme P values than random walk (BW and CRW) simulations, indicating 

an increase in biotic P transport for scenarios where individuals have high awareness of their 

nutritional surroundings (figure 3.3.3). When G is set to 100g P ha-1 yr-1 (low leaching rate 

scenario), the model simulations for all walk types predicts foliar P concentration values 

similar to the empirical community mean in terra firme grid cells within 2km of the VZ-TF 

Figure 3.3.3. Modelled patterns of foliar P concentration in terra firme forests under low-
hunting scenarios. Plots represent foliar P concentrations calculated as the mean across grid 
cells for each 100m interval from the várzea-terra firme boundary over a 1000 year period 
once the model had reached quasi-steady state Simulations parameterised with G equal to 
A) 100, B) 300 and C) 500g P ha-1 yr-1. Coloured lines represent different animal movement 
and forage strategies. BW = Brownian walk; CRW = correlated random walk; PS = active 
phosphorus (P) selection.  
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boundary (figure 3.3.3a). However, grid cells >2km are predicted with P concentrations higher 

than empirically measured. When active P selection is turned on, this extends foliar P 

concentrations above the 25% uncertainty bounds. When G is set to 300g P ha-1 yr-1 (low 

leaching rate scenario), foliar P concentrations in the first 3km are underestimated for all 

animal movement strategies, but concentrations >5km are consistent with empirical 

measurements (figure 3.3.3b). For simulations where G is set to 500g P ha-1 yr-1 (high leaching 

rate scenario), foliar P concentrations are consistently underestimated along the transect 

(figure 3.3.3c).        

 

Animal agents and pathways of P transport 

 

Consistently across all simulations, arboreal animals are more important for P transport in the 

first 500m of terra firme forest (figure 3.3.4; Appendix C - supplementary figure 6). This vector 

occurs primarily through the faecal pathway. For grid cells >500m away from the VZ-TF 

boundary, terrestrial fauna comprise ~65% of the net P input of which ~80% is via the faecal 

pathway. In general, larger-bodied herbivores are more important for P transport (Appendix 

C - supplementary figure 8). However, this trend is variable and the largest vertebrate in our 

study site, the lowland tapir (Tappirus terrestris) does not contribute substantially to P 

transport due to low population densities (0.6 individuals km-2). In particular, white-lipped 

peccary (Tayassu percari) and collared peccary (Pecari tajacu) are major vectors of P transport 

Figure 3.4.4. Net annual P input by large vertebrates >3kg (black line) with distance from 
várzea calculated as the mean over a 1000 year period once the model had reached quasi-
steady state. Model was parameterised using a G value of 300g P ha-1 yr-1, K equal to 
0.0013636 and animal movement strategy of correlated random walk with P selection turned 
on (CRW + PS; supplementary table 1 simulation 8). Background colour denotes percentage 
contribution by different animal functional groups (arboreal vs terrestrial) and nutrient 
pathways (carcass vs excreta).  
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from várzea to terra firme forest. In the first 500m of the VZ-TF boundary, spider monkeys 

(Ateles chamek), woolly monkeys (Lagothrix cana) and howler monkeys (Aloutta seniculus) 

are also particularly important for P transport (Appendix C - supplementary figure 7).  

 

Impacts of defaunation on foliar P patterns 

 
In all simulations, defaunation reduces the biotic transport of P from várzea to terra firme 

forests. The rate at which this influences patterns of foliar P concentration is contingent upon 

the leaching rate. In simulations where G is set to 100g P ha-1 yr-1 (low leaching rate scenario), 

the legacy of P transport by large vertebrates is still present after 2000 years (figure 3.3.5a). 

However, in scenarios where the leaching rate is higher, following defaunation the system 

recalibrates to a new steady state of lower foliar P concentration within 500 years (figure 

3.3.5b and 3.3.5c). Under medium and high leaching rate scenarios, all terra firme grid cells > 

200m from the VZ-TF boundary are predicted to have foliar P concentrations <1 mg g-1 after 

500 years (figure 3.3.5).    

 

DISCUSSION 

 

IBM performance 

 

Across all simulations, our individual-based model of cross system P transport matches the 

empirical exponential decay of foliar P concentration with distance from the VZ-TF boundary. 

Using a range of plausible abiotic P input values and associated leaching rates, our model 

simulations encompass the patterns of foliar P measured empirically within the Medio Juruá 

region (figure 3.3.3). However, there are discrepancies between all model simulations and 

the measured empirical pattern, which may have arisen due to a number of reasons.  

 

First, our empirical data collected from four genera of commonly occurring plant species in 

both várzea and terra firme may not be representative of the entire community. For example, 

virola spp displays much lower foliar P concentrations than other tropical forest plants 

(Bigelow, 1993), which is consistent with our measurements (figure 3.3.2). Moreover, our 

sample collections cover a substantial hunting gradient (Abrahams et al., 2017), which likely 

results in differences of current-day biotic P input. However, no significant difference was 
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found between measurements collected in high- and low-hunting areas. It is also possible, 

that our empirical data still shows an elevated signal following megafauna extinctions 13,000 

Figure 3.3.5. Diffusion of P into terra firme forests by large vertebrates. Plot shows vegetation 
P concentrations through time for model simulations initialised with foliar P concentration in 
várzea grid cells of 2 mg P g-1 and in terra firme grid cells of 0.55 mg P g-1. Simulations 
parameterised with G equal to A) 100, B) 300 and C) 500g P ha-1 yr-1. For all simulations, animal 
movement strategy set to correlated random walk with active P selection turned on. For the 
first 5000 years, animal population density is defined using low-hunting estimates (table 1). 
For the final 2000 years, animal population density is reduced to densities in a high-hunting 
scenario (table 1).  Terra firme cells within 2.5km of the várzea-terra firme boundary are 
highlighted following the removal of animals at 5000 years.  
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years before present (Doughty et al., 2013). However, this legacy is contingent upon the 

leaching rate of P from the Medio Juruá region. Secondly, there may be important nutrient 

transportation agents missing in our model. Due to computational effort, we focussed on 14 

large vertebrate species >3kg that are considered to be the primary agents of P dispersal (see 

table 1; Wolf et al., 2013). However, carnivores (Abraham et al., 2021), birds (Otero et al., 

2018) and insects (Buendía et al., 2018) have all been shown to transport significant quantities 

of P across nutrient discontinuities and may influence our results. Thirdly, it is possible that 

our representation of dietary forage inadequately captures intake and assimilation of P by 

animals. Very few species in the tropics are entirely folivorous (table 3.3.1), and other dietary 

components (e.g. fruit) are often enriched with P (Haugaassen and Peres, 2007). For example, 

Stevenson and Guzmán-Caro (2010) solely quantified nutrient transport in undigested seeds 

elevated in P. Our model does not capture alternative dietary plant structures such as fruits 

that are elevated in P and as such provides a conservative estimate of P transport by large 

vertebrates. Finally, we necessarily relied upon a number of animal traits that were generated 

from allometric relationships (Wolf et al., 2013; Appendix C - supplementary text 1). Whilst 

this method provides a value for aspects of dispersal ecology that have not been empirically 

measured for every species, it may not be representative for our 14 species. For example, 

daily dispersal distance for an adult woolly monkey is predicted at 950m, whereas Stevenson 

(2006) recorded daily dispersal distances of >2000m for this species. Further, some species 

have been found to make daily excursions into várzea forests, which increases the number of 

times they cross the nutrient discontinuity and their subsequent net contribution to P 

transport (Huagaasen and Peres, 2007). Whilst we represent seasonal movement of 

terrestrial individuals into várzea forests, we do not account for species-specific patterns of 

space use. 

 

Taking into account the above issues, we believe that our central estimate (G equal to 300g P 

ha-1 yr-1) with active P selection by animals is likely most representative of the Medio Juruá 

system. In this case, large vertebrates comprise the primary long-distance transportation 

pathway of P and the modelled underestimation of P in the first 3km of terra firme forest 

likely arises due to a conservative approach for modelled dietary intake and movement 

strategy in conjunction with missing agents of P transport (carnivores, birds, insects).  
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Comparison with other modelling approaches 

 
Our model results confirm the conclusions of two previous attempts to estimate P transport 

by large vertebrates from várzea to terra firme in tropical forests (Doughty et al., 2013; 

Buendía et al., 2018). However, by incorporating decision making at the scale of an individual, 

we can assess how individual-dynamics scale to a population level (DeAngelis and Grimm, 

2014). This allows for a more accurate assessment of the contribution of P input into terra 

firme forests by different functional groups of large vertebrates. For example, by including 

individual-level tracking of P acquisition and requirement, we can represent the seasonal 

movement of terrestrial vertebrates onto the fertile várzea (Costa et al., 2018), which is found 

to be an important phenomena for nutrient redistribution (figure 3.3.3). Animals feeding on 

nutrient-rich várzea plants disproportionately assimilate P into their bodies and excreta from 

this environment, but due to rising water levels are forced into terra firme forests for 6 

months of the year. In our system, this forced movement of terrestrial animals is an important 

flux of P, which may be deposited many kilometres from the VZ-TF boundary. Our study 

highlights the role of P movement in the bodies of animals (figure 3.3.4), which has previously 

been discounted as negligible compared to the faecal pathway (Wolf et al., 2013; Doughty et 

al., 2013). Due to the positive allometric scaling of skeleton mass with body mass (BM1.09; 

Prange et al., 1978), larger species (e.g. lowland tapir and white-lipped peccary) are 

disproportionately important for nutrient movement via this pathway (supplementary figure 

8). Importantly, our study also highlights the role of arboreal animals that can access várzea 

forests year-round. By continuously crossing the nutrient discontinuity, large primates are 

particularly important for transporting P into the first 1km of terra firme. Terrestrial animals 

subsequently disperse this P further into the upland terra firme via an interconnected web of 

biotic nutrient redistribution. In this way, P moves like a wave, whereby a unit of P can move 

long distances, whilst the animal agents may only move within a local area.  

 

The simulations presented in this study have focussed on the first 10km of terra firme. Future 

studies should utilise our IBM framework to understand how far large-vertebrates can 

dispersal nutrients from the VZ-TF boundary.   
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Implications of bushmeat hunting 

 

The nutrient geography of the Amazon basin is changing. Anthropogenic activities have 

increased the prevalence of fire, which redistributes nutrients from burnt to undisturbed sites 

(Mahowald et al., 2005), whilst nutrient-rich rivers have been dammed, preventing the 

replenishment of downstream floodplains (Anderson et al., 2018). Here, we have shown that 

bushmeat hunting also influences the geography of an important limiting nutrient.  

 

Focussing on the results from the medium-leaching scenario (G equal to 300g P ha-1 yr-1) with 

active P selection by animals, which we believe to be most representative of the Medio Juruá 

region, bushmeat hunting will significantly impact the fertility over terra firme forests over 

the next 500 years (figure 3.3.5b). Large vertebrate species that are specifically targeted for 

bushmeat (table 3.3.1; Abrahams et al., 2017) are key vectors of P transport in this region. 

Furthermore, Brodie and McIntyre (2019) have shown that P removed from tropical forest 

ecosystems in the bodies of large vertebrates constitutes an additional loss of P from the 

environment. Indigenous and ribeirinho communities preferentially settle on the VZ-TF 

boundary (Newton et al., 2011). Recent research has shown that large vertebrates travel 30-

50% less nearby human settlements (Tucker et al., 2018). We have not included this aspect 

of dispersal ecology in our IBM, but where this occurs, nutrient transport will be further 

reduced. As a consequence, it is likely that in highly-hunted regions of the Medio Juurá, the 

fertility of terra firme forests within 10km of the VZ-TF boundary will decline by ~30% over 

the next 500 years (figure 3.3.5b). This decrease in fertility may invoke a negative feedback, 

whereby less fertile forests sustain lower densities of animal consumers (Emmons, 1984; 

Peres, 2008), which will further exacerbate nutrient losses. The ecosystem consequences of 

decreased fertility as a result of reduced nutrient transport by large vertebrates are manifold. 

Notably, the diversity of plants has been shown to closely follow edaphatic conditions (Higgins 

et al., 2011) indicating that a gradual loss of P may cause a substantial shift in the composition 

and function of terra firme ecosystems over the next 500 years.  

 

Our study has focussed on a well-studied region of western Brazilian Amazon. However, the 

results we present here are applicable to locations throughout tropical forests regions. Junk 

et al. (2011) estimate that river floodplains comprise ~30% of the Amazon basin, whilst 



 
68 

defaunation across the Neotropics has severely reduced large vertebrate biomass over the 

last century (Bogoni et al., 2020). Indigenous and ribeirhino peoples throughout lowland 

Amazonia are dependent upon the health of terra firme forests for agriculture and resource 

extraction (Junk et al., 2010; Costa and Brondízio, 2010). Declines in ecosystem fertility have 

been linked with increased levels of deforestation and the migration of communities (Pfaff, 

1999; Laurence et al., 2002). Here, we have shown that large-vertebrate populations are 

important for maintaining the fertility of terra firme forests. Conserving sustainable 

populations large vertebrates and ensuring adequate access to várzea forests should be an 

important consideration for future management strategies aimed at promoting long-term 

resilience of the Amazon basin.    
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3.4  LARGE PREDATORS CAN MITIGATE NUTRIENT LOSSES ASSOCIATED WITH OFF-SITE 

REMOVAL OF ANIMALS FROM A WILDLIFE RESERVE (Accepted in the Journal of Applied 

Ecology, March 2021) 

 

Abraham, A.J., Webster, A.B., Prys-Jones, T.O., le Roux, E., Smith, D., McFayden, D., de Jager, 

C., Clauss, M. and Doughty, C.E. (2021). Large predators can mitigate nutrient losses 

associated with off-site removal of animals from a wildlife reserve. Journal of Applied Ecology.  

 

INTRODUCTION 

 

Much of the land surface of earth is scarce in one or more nutrients vital for sustaining life 

(Sillanpää, 1982). Consequently, there is extensive documentation of behavioural adaptations 

by wild vertebrates that help them acquire sufficient nutrients, including seasonal migrations 

(McNaughton, 1990), geophagy (Holdo et al., 2002) and selective diet choices (Rothman et 

al., 2006).  However, today many wildlife reserves are fenced or geographically isolated due 

to the presence of geophysical and/or anthropogenic barriers such as urban and agricultural 

areas. This can prevent vertebrates from sustaining their required nutrients, leading to 

seasonal or chronic nutrient stress (Thornton, 2002). Consequently, in nutrient-poor areas, 

wildlife managers often provide supplementary mineral licks or access corridors to high-

nutrient regions (Newmark, 1993; Bothma and Du Toit, 2010).  

 

Whilst vertebrate populations are constrained by the local availability of nutrients, a growing 

body of research demonstrates that animals play an important role in altering nutrient 

concentration geographies themselves. Through the accumulation and dispersal of nutrients 

in their bodies and excreta, vertebrate populations can provide a critical supply of 

allochthonous nutrient subsidies between ecosystems (reviewed in Subalusky and Post, 2018 

and McInturf et al., 2019). Accordingly, extinctions, population reductions and the presence 

of anthropogenic barriers may have also reduced a critical input of important nutrients such 

as nitrogen (N) phosphorus (P), calcium (Ca) and sodium (Na) by wild, free-roaming 

vertebrates in marine and terrestrial environments (Roman et al., 2014; Doughty et al., 2016).  
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However, whilst much research has addressed the role of animals as important vectors of 

nutrient input within and between ecosystems, less effort has investigated their role as 

vectors of nutrient loss. In a pan-tropical assessment, Brodie and McIntyre (2019) found that 

the removal of P in the bodies of wild vertebrates hunted for bushmeat could constitute an 

important flux leaving the system. In some sites, they reported that P losses from hunting 

were >10 times that arriving from atmospheric deposition, which represents the primary 

input of P to those ecosystems. Similarly, Flueck (2009) reported P losses in the bodies and 

faeces of migrating red deer (Cervus eleaphus) from the Swiss National Park, Switzerland, 

equal to P fertilisation rates in many agricultural systems. Wildlife reserves cannot, however, 

simply replace lost nutrients via the application of nutrient fertilisers. Firstly, wildlife reserves 

often cover vast areas making fertilisation prohibitively expensive or logistically difficult. 

Secondly, anthropogenic fertilisation may cause outcomes misaligned from the purposes of 

the reserve; for example, by changing fundamental ecosystem dynamics, resulting in the loss 

of endemic species and biodiversity (Isbell et al., 2013). It is possible, however, that 

anthropogenic impacts on natural nutrient fertilisation pathways, such as atmospheric 

deposition (Mahowald et al., 2008), may subsidise animal nutrient losses in some places.     

 

In this paper, we assess how the net export of vertebrates from a fenced wildlife reserve in 

the southern Kalahari compares to other fluxes of P and Ca within the reserve. Removal of 

large vertebrates from wildlife reserves is common across southern Africa and indeed the 

world, most often in predator-free systems where issues of overstocking and resultant 

ecological degradation is a primary management concern (Gordon et al., 2004; Bothma and 

Du Toit, 2010). Many nutrients stored in the bodies of these removed animals are critical to 

the functioning of terrestrial ecosystems (Schlesinger and Bernhardt, 2013). In vertebrate 

species, ~80% of P and ~99% of Ca is used in the bone matrix (Suttle, 2010). Consequently, 

the stock of P and Ca within individuals can be reliably estimated using the allometric 

relationship between body mass and skeleton mass (Prange et al., 1979). We therefore focus 

our current study on P and Ca only. It is important to consider P and Ca together because they 

are nutritionally interlinked. For example, only if both elements are present in a certain ratio 

range can they be integrated into bone tissue in the form of hydroxyapatite (Böswald et al., 

2018). Where P or Ca deficiency occurs, the growth and reproduction of plant and animal 

populations is severely impaired (Suttle, 2010). The southern Kalahari is notably deficient in 
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P (Buckley et al., 1987), which means that additional losses through wildlife removal could be 

an important biogeochemical and conservation issue.   

 

In an attempt to evaluate how vulnerable resident herbivores may be to management-driven 

nutrient export, we then assess faecal measurements from herbivores within the reserve as 

an indicator of forage quality and herbivore nutritional stress. Faecal analysis has been 

considered as a practical, non-invasive method to measure nutrient stress for large vertebrate 

herbivores in southern Africa as it reflects the resources actually utilised and is closely related 

to intake (Wrench et al., 1997; Böswald et al., 2018). As a result, it could provide a feasible 

method for monitoring where wildlife managers should be particularly cautious about the 

biogeochemical impacts of prolonged off-site removal of vertebrate individuals from wildlife 

areas.  

 

Finally, we examine the role of apex predators for large-vertebrate population regulation in 

the context of mitigating the need for off-site removal of animals. Not only would this 

facilitate the retention of important nutrients within the reserve, but it is well established 

that local nutrient enrichment around the sites of large-vertebrate carcasses is important for 

maintaining ecosystem heterogeneity and biodiversity (Carter et al., 2007). For example, 

Bump et al. (2009) demonstrate that elevated soil and foliar nitrogen, phosphorus and 

potassium leaching from ungulate carcasses created localised nutrient disturbance pulses in 

a northern hardwood forest, USA. Collectively, our study thus aims to quantify the loss of 

nutrients due to anthropogenic off-site wildlife removal, assess if resident animals are 

vulnerable to exacerbated nutrient stress as a result of this management strategy and explore 

if natural predation may be a viable alternative for herbivore regulation but without the 

associated loss of nutrients.    

 

MATERIALS AND METHODS 

 

Study site 

 

Tswalu Kalahari Reserve (TKR) is a 121,700 ha fenced wildlife reserve located at S 27°13ʹ30ʹʹ 

and E 22°28ʹ40ʹʹ in the southern Kalahari Desert, South Africa. Prior to 1995, TKR was divided 
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into 40 domestic livestock farms but was converted to a single wildlife reserve by the removal 

of internal fences and associated infrastructure. The substrate of the reserve is primarily 

aeolian sands of the Gordonia formation, with the emerging Korannaberg mountains formed 

of subgraywacke, quartzite, slate, dolomite, jasper and conglomerate  (figure 3.4.1; Van 

Rooyen and Van Rooyen, 2017). The southern Kalahari sands are deficient in nutrients critical 

for animal health (Buckley et al., 1987; O’Halloran et al., 2010), which is reflected in forage 

deficient in important nutrients including nitrogen, phosphorus, calcium, sodium, copper and 

zinc (Cromhout, 2007). As a result, the wildlife managers at Tswalu Kalahari Reserve annually 

provide mineral licks in the form of 25kg blocks evenly distributed across the reserve to 

supplement wildlife diet.  

 

TKR is split into two adjacent sections separated by a fence, which restricts animal movement; 

the Korannaberg section (101,700 ha) and the Lekgaba section (20,000 ha) (figure 3.4.1). Both 

sections include a complement of large herbivorous vertebrates native to the southern 

Kalahari Desert as well as a number of species that would historically have occurred 

seasonally (Van Rooyen and Van Rooyen, 2017) yet are now resident within the fenced 

system. However, the two sections support different compositions and densities of large 

carnivore populations. The Korannaberg section harbours cheetah (Acinonyx jubatus; N ~ 10) 

and wild dog (Lycaon pictus; N ~ 14), whilst the Lekgaba section harbours two prides of lion 

(Panthera leo; N ~ 24). Leopard (Panthera pardus), brown hyaena (Parahyaena brunnea) and 

black-backed jackal (Canis mesomelas) are found in both sections although population 

densities are unknown. It should be noted that due to the anthropogenic provision of 

available surface water, predator densities can occur in TKR at higher values than expected 

for the xeric southern Kalahari (Roxburgh, 2010).   

 

Partly driven by the different regimes of top-down regulation by carnivore populations, the 

dynamics of herbivore stocking densities are different in the two sections of TKR (Tokura et 

al., 2018). Continuous overgrazing and a pervasive drought in the southern Kalahari have led 

to declining veld condition in the Korannaberg section (Van Rooyen and Van Rooyen, 2017; 

Tokura et al., 2018). Between 1999 – 2017, the mean veld condition index in the Korannaberg 

section fell from 70% to 26%, where < 40% represents low grass cover with many unpalatable 

annual grasses and forbs (Van Rooyen and Van Rooyen, 2017). Accordingly, over the last 
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decade TKR management has, on an annual basis, permanently exported a subset of large 

mammal vertebrates offsite from the Korannaberg section to maintain veld condition. 

Between 2009-2018, 996 (sd = 328) large vertebrates, primarily consisting of adult animals, 

were annually exported from the Korannaberg section and sold to other reserves. This 

represents an annual removal of ~10% of the total number of herbivores >10 kg in the 

Korannaberg section (estimated using aerial count data across the reserve between 2012-

2017). This management practice has largely been an effective method to prevent further 

ecological degradation as measured by the veld condition index, a measure that assesses 

species composition and sward structure (Van Rooyen and Van Rooyen, 2017). However, we 

postulate here that the short-term positive effects of animal removal may have long-term 

negative consequences for the ecosystem due to concomitant nutrient loss. The veld 

Figure 3.4.1. A) Location of Tswalu Kalahari Reserve (TKR) and major management areas 
(Korannaberg and Lekgaba). Underlying geology map modified from Van Rooyen and Van 
Rooyen (2017). Large carnivore density is low in Korannaberg and high in Lekgaba. B) Large 
animal units for the two management areas within TKR for the period 2005-2016. Large animal 
units represent a standard metric for calculating commercial stocking densities and were 
estimated from annual aerial count data and large animal units for herbivores after Van Rooyen 
(2010). Annual aerial counts were performed in March shortly prior to herbivore capture and 
removal which is conducted in May.   
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condition of the Lekgaba section where apex predators occur at higher densities has been 

stable and no animals were removed during the period 2009-2018 (figure 3.4.1b).   

 

Natural and anthropogenic nutrient fluxes of TKR 

 

Natural abiotic inputs of P and Ca to the southern Kalahari include wet and dry atmospheric 

deposition, rock weathering and fluvial deposition (Schlesinger and Bernhardt, 2013). In 

natural systems, the input of these nutrients over timescales of 10-100s of years is roughly 

balanced by losses from drainage and leaching, surface runoff and wind erosion (Zhou et al., 

2017). Natural biotic inputs and losses are considered negligible for TKR due to the presence 

of fences restricting the movement of large vertebrates into and out of the reserve (Jakes et 

al., 2018). Consequently, changes to the nutrient mass balance of TKR arises from 

anthropogenic activities (Brodie and McIntyre, 2019). We calculated annual anthropogenic 

nutrient fluxes for P and Ca in the Korannaberg section only as no animals were removed from 

the Lekgaba section. The P and Ca mass balance can thus be written as: 

 

789:;4<9	=>??	@>A><B4 = CD − EFG    (eq 3.4.1) 

 

Where ML is nutrient input via mineral licks and OWR is nutrient loss via off-site wildlife 

removal. Over the period 2009-2018, the wildlife managers at TKR annually provided 17,386 

± 1,933 kg of phosphate mineral lick to the Korannaberg section at 17 sites distributed near 

permanent water sources. Each mineral lick has a mean concentration of 60g kg-1 of P and 

120g kg-1 of Ca (https://safarifeeds.co.za/products; accessed September 2020). Annual 

mineral lick input of P and Ca was thus calculated using equation 3.4.2: 

 

CD = CHI. )HI       (eq 3.4.2) 

 

Where Mml is the mass of mineral lick and Cml is the nutrient concentration of the mineral lick. 

Uncertainty was calculated using the maximum and minimum estimates of Mml distributed 

across the Korannaberg section. Approximately 80% of P and 99% of the total mass of Ca is 

stored within an animal’s skeleton (Suttle, 2010). Therefore, to calculate nutrient loss via off-

site wildlife removal (OWR), we followed the method of Brodie and McIntyre (2019) and 
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utilised the allometric relationship between live body mass and dry skeleton mass of M1.09 

(Prange et al., 1979): 

  

EFG = ∑ (0.061	.N
OP- CQ

-.2R. )S)      (eq 3.4.3) 

 

Where n is the total number of animals removed off-site, Ms is the average body mass of 

species (s) in kg as recorded in Hempson et al. (2015) and Cb is the mean dry bone 

concentration of 12.30% P and 26.58% Ca recorded from the National Institute of Standards 

and Technology bone meal standard (https://www-s.nist.gov/srmors/view_detail.cfm?srm= 

1486; accessed September 2020). Uncertainty was calculated using a 15% error in skeleton 

mass (the standard error reported by Prange et al. (1979)) and the standard deviation in bone 

nutrient concentration from the National Institute of Standards and Technology bone meal 

standard.  

 

Index of herbivore nutrient stress in TKR 

 

To understand if the off-site removal of wildlife may be an important biogeochemical and 

conservation issue for the Korannaberg section of TKR, we examined nutrient stress in 

resident herbivorous mammals. Many studies have considered a critical faecal P 

concentration of 2000 mg kg-1, below which mammal herbivore species have been 

documented suffering growth and reproductive issues (Wrench et al., 1997). This threshold 

has been used to assess the nutritional status of a number of large savannah herbivores in 

southern Africa including buffalo, zebra, giraffe, springbok, roan, kudu and elephant (Ullrey 

et al., 1997; Dorgeloh et al., 1998; Grant et al., 2000; Stapelberg et al., 2008; Pretorius et al., 

2012). Calcium, however, is excreted variably in faeces and urine, so no equivalent threshold 

is available (Böswald et al., 2018), and thus we only consider faecal P.   

 

Faecal samples (n=94) were collected from 11 herbivore species during the dry season 

(between April-June) in 2017 and 2019 from the Korannaberg section of TKR. This period was 

selected as nutrient stress for P is most severe during the dry season (Grant et al., 2000). All 

samples were collected fresh and frozen within 8 hours at -20oC. Samples were transported 

to the Endocrine Research Laboratory, University of Pretoria, for lyophilisation at -54oC and 
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~0.96 mbar for 5-7 days until completely dry. Dry faecal samples were subsequently 

pulverised using a pestle and mortar to homogenise. At the University of Pretoria Soil Sciences 

Laboratory, 0.25-0.30g of dried faecal powder was digested in 10ml of Suprapur Nitric acid 

(65%) and analysed for P concentration using a SPECRO GENESIS Inductively coupled plasma 

optical emission spectrometer (ICP-OES).   

Figure 3.4.2. A) The total number of herbivores and B) dry mass of skeleton removed from the 
Korannaberg section of Tswalu Kalahari Reserve during the period 2009-2018 summarised into 
bins based on the body mass (kg) of each species. C) Relationship between antecedent 
precipitation for Korannaberg and exported animal biomass for the period 2009-2018. 
Antecedent precipitation for each point of annually exported herbivore biomass was calculated 
as the mean annual precipitation from 20 rain gauges distributed across Korannaberg over the 
preceding three years.  
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Estimating nutrient retention by apex predators 

 

Apex predators have been shown to exert a top-down control on herbivore population size 

(Ripple et al., 2014; le Roux et al., 2019). Where this occurs, OWR management strategies can 

be reduced or stopped entirely, thereby mitigating nutrient loss. At TKR, the high density and 

prey selection of lions (0.12 individuals km-2) in the Lekgaba section has been suggested to 

regulate herbivore populations (Tokura et al., 2018) and improve veld condition (Van Rooyen 

and Van Rooyen, 2017). As a result, TKR management did not deem it necessary to remove 

any large vertebrates from this section over the last decade. In comparison, the low density 

of cheetah (0.009 individuals km-2) and wild dog (0.014 individuals km-2), which favour smaller 

prey, have not adequately regulated herbivore populations in the Korannaberg section (figure 

1b) necessitating off-site removal of animals as a management strategy. Accordingly, we 

compared the role that lions play in regulating herbivore populations within Lekgaba to 

anthropogenic regulation of herbivores in Korannaberg to understand whether natural 

predation by an apex carnivore can achieve similar herbivore population control, but without 

the associated loss of nutrients.   

 

 To do this, we utilised the lion kill modelling framework of Hayward et al. (2007). This 

approach uses the Jacob’s prey preference index (-1 to 1; Jacobs, 1974) to assign a proportion 

of total lion kills to each prey species and has been validated across a productivity gradient 

(Hayward et al., 2007):  

 

GO =
TUVUWVU

-5TUWXTUVU
. ∑+     (eq 3.4.4) 

 

Where Ri is the predicted number of kills of prey species i when there is a total of åK observed 

kills. Di represent the Jacobs’ index value of species i calculated by Hayward and Kerley (2005) 

and pi is the proportional abundance of prey species i. The annual number of prey animals 

killed (K) was estimated assuming each of the two lion prides in Lekgaba killed one large 

vertebrate every 5 days (Dylan Smith, Director of Research at TKR, personal communication). 

We calculated the proportional prey composition in Lekgaba using aerial survey data collected 

between 2012-2017 (supplementary table 2). Using the predicted number of each prey 
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species killed (R), we could estimate the total skeleton mass recycled within Lekgaba due to 

lion kills using body mass estimates from Hempson et al. (2015) and the allometric scaling 

equation of Prange et al. (1979).    

 

RESULTS  

 

Anthropogenic nutrient fluxes in Korannaberg 

 

During the period 2009-2018, the mean annual live animal biomass removed from the 

Korannaberg section of TKR was 230 kg km-2 yr-1 (table 1). This largely comprised springbok 

(Antidorcas marsupialis), gemsbok (Oryx gazella), blue wildebeest (Connochaetes taurinus), 

red hartebeest (Alcelaphus buselaphus), greater kudu (Tragelaphus strepsiceros) and 

common eland (Tragelaphus oryx). The greatest number of animals removed from 

Korannaberg was in the 200-300 kg mass bin (68%; figure 3.4.2a). However, vertebrates >300 

kg (here almost exclusively eland), which represented just 14% of individuals removed, 

contributed 31% to the removal of skeleton biomass. This highlights the disproportionate 

importance of large vertebrates for P and Ca loss out of the reserve (figure 3.4.2b). The 

management decision to capture and remove large vertebrates off-site was greatest during 

years of low antecedent precipitation, calculated as mean precipitation in Korannaberg over 

the preceding three years (figure 3.4.2c). Consequently, nutrient loss was highest in years 

with low antecedent precipitation.  

 

Mean loss of P and Ca via wildlife removal was 2.9 and 6.2 kg km-2 yr-1. This compares to 1.0 

and 2.1 kg km-2 yr-1 of P and Ca added via the provision of mineral licks (table 3.4.1). In every 

year between 2009-2018, the off-site removal of wildlife resulted in a net deficit for P and Ca 

for TKR (figure 3.4.3). If it is assumed that natural fluxes of these elements are in steady state, 

then anthropogenic activities have resulted in a total net deficit of 18.5 kg km-2 of P and 40.6 

kg km-2 of Ca over the decade (table 3.4.1). 
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Herbivore nutrient stress in Korannaberg 

 

In the Korannaberg section of TKR, 22% of individuals are below the faecal P threshold of 2000 

mg kg-1 (figure 3.4.4). In general, faecal P concentration was found to decrease with body 

mass, whilst there was no consistent difference between hindgut and ruminant gut 

fermentation strategies. This indicates that with respect to P, Korannaberg is a low-nutrient 

environment and long-term, continued removal of wildlife may cause further nutritional 

stress.  

 

Top-down control of herbivores in Lekgaba 

 

In total, the two lion prides in Lekgaba (n~24) are estimated to kill 193 large vertebrates 

annually. This primarily constitutes gemsbok (Oryx gazelle, 97), Burchell’s zebra (Equus 

quagga, 25) and blue wildebeest (Connochaetes taurinus, 22) (Appendix D - supplementary 

table 2). The annual biomass of all prey animals killed by lions in Lekgaba scaled by area is 224 

kg km-2 yr-1.  This value is close to the mean annual animal biomass scaled by area removed 

via OWR in the Korannaberg section (230 kg km-2 yr-1) indicating that natural predation is 

capable of achieving similar herbivore population control as management removals, but 

without the associated loss of nutrients. 

 

DISCUSSION 

 

Off-site wildlife removal (OWR)  

 

Nutrients concentrated within an animal may “escape” from a landscape if a) an animal 

migrates under its own free will, b) it is killed and removed for meat or c) it selectively 

removed for conservation reasons. We have shown in this study that the loss of nutrients via 

OWR for conservation reasons is of a similar magnitude to nutrient loss from migration and 

hunting (Flueck, 2009; Brodie and McIntyre, 2019). Indeed, compared to hunting-induced 

mineral loss in two nearby Botswanan sites estimated by Brodie and McIntyre (2019), P and 

Ca loss from TKR is 29-290 times larger. In relation to the present-day atmospheric deposition 
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Table 3.4.1. Annual anthropogenic fluxes of P and Ca into and out of Tswalu Kalahari Reserve during the period 2009 – 2018. Values in brackets represent 
lower and upper uncertainty estimates. Uncertainty was calculated using a 15% error in skeleton mass and the standard deviation in bone nutrient 
concentration from the National Institute of Standards and Technology bone meal standard (https://www-s.nist.gov/srmors/view_detail.cfm?srm=1486; 
accessed September 2020). 

Year Live animal biomass 
removed 
(kg km-2) 

Dry skeleton 
biomass removed 

(kg km-2) 

P export  
(kg km-2) 

Mineral lick P input  
(kg km-2) 

Difference 
(kg km-2) 

Ca Export  
(kg km-2) 

Mineral lick Ca 
input 

 (kg km-2) 

Difference  
(kg km-2) 

2009 245.7 
(208.9, 282.7) 

24.4 
(20.8, 28.1) 

3.0 
(2.5, 3.5) 

1.0 
(0.9, 1.1) 

-2.0 
(-2.6, -1.4) 

6.5 
(5.5, 7.5) 

2.1 
(1.8, 2.3) 

-4.4 
(-5.7, -3.2) 

2010 170.8 
(145.2, 196.4) 

16.8 
(14.3, 19.4) 

2.1 
(1.7, 2.4) 

1.0 
(0.9, 1.1) 

-1.1 
(-1.5, -0.6) 

4.5 
(3.8, 5.2) 

2.1 
(1.8, 2.3) 

-2.4 
(-3.4, -1.5) 

2011 151.3 
(128.6, 174.0) 

15.0 
(12.7, 17.2) 

1.8 
(1.5, 2.2) 

1.0 
(0.9, 1.1) 

-0.8 
(-1.3, -0.4) 

4.0 
(3.4, 4.6) 

2.1 
(1.8, 2.3) 

-1.9 
(-2.8, -1.1) 

2012 129.2 
(109.8, 148.6) 

12.9 
(10.9, 14.8) 

1.6 
(1.3, 1.8) 

1.0 
(0.9, 1.1) 

-0.6 
(-0.9, -0.2) 

3.4 
(2.9, 4.0) 

2.1 
(1.8, 2.3) 

-1.3 
(-2.2, -0.6) 

2013 158.7 
(134.9, 182.5) 

15.9 
(13.5, 18.3) 

2.0 
(1.6, 2.3) 

1.0 
(0.9, 1.1) 

-1.0 
(-1.4, -0.5) 

4.2 
(3.6, 4.9) 

2.1 
(1.8, 2.3) 

-2.1 
(-3.1, -1.3) 

2014 190.7 
(162.1, 219.3) 

19.2 
(16.3, 22.1) 

2.4 
(2.0, 2.8) 

1.0 
(0.9, 1.1) 

-1.4 
(-1.9, -0.9) 

5.1 
(4.3, 5.9) 

2.1 
(1.8, 2.3) 

-3.0 
(-4.1, -2.0) 

2015 202.0 
(171.7, 232.3) 

20.4 
(17.3, 23.4) 

2.5 
(2.1, 2.9) 

1.0 
(0.9, 1.1) 

-1.5 
(-2.0, -1.0) 

5.4 
(4.6, 6.3) 

2.1 
(1.8, 2.3) 

-3.3 
(-4.5, -2.3) 

2016 394.1 
(335.0, 453.2) 

40.2 
(34.2, 46.3) 

4.9 
(4.1, 5.8) 

1.0 
(0.9, 1.1) 

-3.9 
(-4.9, -3.0) 

10.7 
(9.0, 12.4) 

2.1 
(1.8, 2.3) 

-8.6 
(-10.6, -6.7) 

2017 194.9 
(165.7, 224.1) 

19.7 
(16.8, 22.7) 

2.4 
(2.0, 2.8) 

1.0 
(0.9, 1.1) 

-1.4 
(-1.9, -0.9) 

5.2 
(4.4, 6.1) 

2.1 
(1.8, 2.3) 

-3.1 
(-4.3, -2.1)  

2018 457.7 
(389.1, 526.4) 

47.2 
(40.2, 54.3) 

5.8 
(4.9, 6.8) 

1.0 
(0.9, 1.1) 

-4.8 
(-5.9, -3.8) 

12.6 
(10.6, 14.6) 

2.1 
(1.8, 2.3) 

-10.5 
(-12.8, -8.3) 

 
Decade 

Total 

 
2295.2 

(1950.9, 2639.5) 
 

 
231.8 

(197.0, 266.6) 

 
28.5 

(23.7, 33.3) 

 
10.0 

(9.0, 11.0) 

 
-18.5 

(-24.3, -12.7) 

 
61.6 

(52.1, 71.5) 

 
21.0 

(18.0, 23.0) 

 
-40.6 

(-53.5, -29.1) 

80 
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flux of P modelled by Mahowald et al. (2008), annual off-site wildlife removal is of an 

equivalent magnitude (1-5 kg km-2 yr-1), despite an increase in P deposition in the southern 

Kalahari over the last century due to industrial activities and biomass burning. Further, 

because rock weathering inputs of P at TKR are small (Buckley et al., 1987), in years when the 

annual removal of herbivores from TKR is high (>300 kg live animal biomass km-2 yr-1) the loss 

of P from OWR may be larger than the combined total input from atmospheric deposition, 

rock weathering and anthropogenic mineral licks. Given that OWR in Korannaberg is 

negatively related to antecedent precipitation (figure 3.4.2c), this indicates that increasingly 

variable rainfall regimes across southern Africa as a result of climate change (Yu et al., 2017; 

Tokura et al., 2018) may play a role in exacerbating nutrient losses from the Korannaberg 

section of TKR as the need for OWR increases.  

 

The estimates provided in our study are a first approximation of nutrient loss due to large 

vertebrate removal from wildlife reserves and can be improved with future research. In 

particular, we do not include non-skeletal reserves of P and Ca and rely upon the allometric 

scaling of dry skeleton mass by Prange et al. (1979), which is based on a small number of 

Figure 3.4.3. Annual fluxes of P and Ca provided by mineral lick subsidy and off-site removal 
of wildlife in Tswalu Kalahari Reserve over the period 2009 – 2018. Error bars represent 
uncertainty in the difference between these fluxes from Table 3.4.1. 
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observations. We discuss our confidence in this relationship and the need for future research 

on this topic in Appendix D - supplementary text 1.  

 

Increased nutrient stress due to OWR 

 

Imbalance between nutrient inputs and losses has been shown to impact the stability of 

ecosystems throughout the world (Schlesinger and Bernhardt, 2013). In the Kalahari Desert, 

decreasing soil fertility measured along the Kalahari Transect (KT) from Zambia to South Africa 

is associated with decreasing soil microbial activity, plant production and foliar nutrient 

concentrations (O’Halloran et al., 2010). This suggests that additional loss of nutrient fertility 

due to OWR may impact the ecological stability of Korannaberg as a result of feedbacks 

between soils, plants and animals. This is particularly pertinent for TKR given that a number 

of large herbivore individuals in the Korannaberg section of TKR may already be suffering 

Figure 3.4.4. Faecal phosphorus (P) in relation to the natural log of herbivore body size (in 
kilograms) for 11 herbivore species in the Korannaberg section of Tswalu Kalahari Reserve (TKR). 
The trendline represents a generalised-least squares model fit for all herbivores. The dashed line 
represents a widely cited minimum threshold of 2000 mg kg-1 (Wrench et al., 1997), below which 
most vertebrate begin suffering growth and reproductive issues. Note that faecal collection was 
collected in the early dry season (April-June).   
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seasonal or chronic nutrient shortage (figure 3.4.4). The faecal samples used here were 

collected in the early dry season, suggesting that individuals that were under the critical faecal 

P threshold of 2000 mg kg-1 may remain under for the full length of the dry season (Grant et 

al., 2000). In a study looking at the condition of buffalo in the Korannaberg section of TKR, 

Cromhout (2007) found that faecal samples collected in the late dry season (September) had 

much lower faecal P  when compared to the faecal samples included in this study. In 

particular, lactating females (1740 mg kg-1) and adult bulls (1630 mg kg-1) had low P 

concentrations, suggesting particularly high P requirement (lactation) or low forage capability 

(reduced home range) for these groups. It has also been suggested that P requirement may 

scale with body mass (le Roux et al., 2020). The postulated reason for this is due to P 

requirements scaling with the positive skeleton allometry from Prange et al. (1979). Our 

faecal P concentration results support previous studies for the allometric relationship 

between body mass and faecal P concentration (figure 3.4.4); however, we also suggest diet 

quality as an alternative possible explanation for this relationship (see Appendix D - 

supplementary text 2 for details). In this case, individuals that are lactating, defending 

territories, pursuing sexual partners or investing in large amounts of skeleton growth will be 

most susceptible to nutrient stress and the possible biogeochemical impacts of off-site 

wildlife removal.   

 

Consequently, whilst off-site wildlife removal may mitigate ecological degradation due to 

overstocking in the short-term (Van Rooyen and Van Rooyen, 2017), the additive loss of P, Ca 

and other important nutrients annually exported in the bodies of large-vertebrates may cause 

separate issues related to declining ecosystem fertility and associated feedbacks in the long-

term.  

 

Role of predators and bone scavengers 

 

We estimate that the biomass of large vertebrates killed by lions in Lekgaba compares closely 

to the flux annually removed via OWR from the Korannaberg section of TKR. Consequently, 

we demonstrate in a site directly adjacent to Korannaberg that natural predation levels can 

reduce herbivore populations sufficiently and mitigate the need for OWR. From a nutrient 
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perspective, however, the key difference between these two processes is that lion kills ensure 

that nutrients concentrated in the bodies of prey animals are recycled within the reserve.  

 

Following a lion kill, bone scavengers in TKR such as brown hyaena (Parahyaena brunnea) 

break down the carcass skeleton. Splinters of bone from this process have been shown to 

provide an important source of P and Ca for birds in other nutrient-poor areas of South Africa 

(Richardson et al., 1986). Furthermore, hyaenas create P and Ca rich faecal deposits (Kruunk, 

1972), which we posit, may help redistribute these minerals across the landscape. As bone 

scavengers often have large home ranges and opportunistically transverse fence boundaries, 

it is possible that some of the nutrients from lion carcasses are lost from the reserve. 

However, Williams et al. (2021) showed that in reserves where fence integrity is high, 

scavengers such as brown hyaena generally remain within the reserve due to the abundance 

of sympatric predators and high levels of carrion, so the loss of nutrients via this vector is 

assumed negligible.  

 

Predators have been shown to influence nutrient dynamics via a number of direct (e.g. 

defecation) and indirect (e.g. herbivore movement) pathways (reviewed in Schmitz et al., 

2010). Here, we show that in closed, fenced wildlife reserves, an absence of apex predators 

in densities high enough to regulate herbivore populations, generates an additional vector of 

nutrient leakage from wildlife reserves through unchecked herbivore population growth and 

the necessity of anthropogenic off-site animal removal. Within the context of predicted 

increasingly variable rainfall regimes over the southern Kalahari (Yu et al., 2017), the 

reintroduction of additional apex predators in the Korannaberg section of TKR could help 

buffer ecosystems against further nutrient loss over coming decades.  

 

Applications for wildlife reserves globally 

 

TKR is not in a unique situation with respect to either the magnitude of animals annually 

exported from the reserve or being located in a nutrient-poor environment. Many terrestrial 

wildlife reserves throughout the world are located on marginal land where agriculture is not 

economically feasible (Joppa and Pfaff, 2009). Accordingly, the results presented here are 

applicable for wildlife managers working in low-nutrient environments across the world. In 
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some places, OWR may be a continuation of a process that has a long history. For example, 

the present-day culling and removal of red deer (Cervus elaphus) in Scottish uplands to 

prevent overgrazing may continue a centuries-old nutrient-removal process from landscapes 

already depleted in key nutrients due to thin soils, high rainfall and extensive sheep grazing 

(Sansom, 1999). Where large carnivores have been extirpated or the effects of climate change 

are severe, herbivore overstocking necessitates the removal of large numbers of animals. 

Wildlife managers should monitor nutrient concentrations in soils, plants and faeces to 

ensure that management practices do not have unintended biogeochemical consequences 

and, where possible, holistic strategies that promote the retention of nutrients within the 

reserve - such as the reintroduction of large carnivores - should be preferred. 
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3.5 HYAENAS PLAY UNIQUE ECOSYSTEM ROLE BY RECYCLING KEY NUTRIENTS IN BONES 

(submitted to African Journal of Ecology)  

 

Abraham, A.J., Webster, A.B., Jordaan, J., Prys-Jones, T.O., Ganswidt, A., De Jager, P.C. and 

Doughty, C.E. (2021). Hyaenas play unique ecosystem role by recycling key nutrients in 

bones. Submitted to African Journal of Ecology (Jan 2021).  

 

INTRODUCTION  

 

Bones contain significant levels of calcium (Ca) and phosphorus (P), which are important to 

the functioning of terrestrial ecosystems (Carter et al., 2007). Both minerals are essential for 

cellular processes and structures and can limit the growth and reproduction of plants and 

animals (Schlesinger and Bernhardt, 2013). Accordingly, it has been suggested that the 

immobilisation of Ca and P in the skeletons of large vertebrates can play an important role in 

terrestrial nutrient cycling (Coe et al., 1978).  

 

Hyaenas have among the most powerful jaws and tooth strength of all large carnivores (Van 

Valkenburgh and Ruff, 1987). This allows them to break the bones of vertebrate prey species 

and access nutritious marrow and important phosphatic minerals, which are unavailable to 

most other vertebrate species (Skinner and Chimimba, 2005). Where bone scavengers are 

absent, skeletons may otherwise take 10-100s of years to decompose depending upon the 

environmental conditions (Coe et al., 1978; Carter et al., 2007). The creation of bone splinters 

by hyaenas at carcass sites has already been shown to provide an important source of Ca and 

P for griffon vultures. Where hyaenas were absent, osteodystrophy in vulture chicks due to 

Ca and P deficiency occurred in 17% of chicks, but no chicks suffered from this metabolic bone 

disease at sites where hyaenas were present (Richardson et al., 1986).  

 

Here, we postulate that hyaenas may provide another mechanism of Ca and P recycling via 

the production of nutrient-enriched faeces. To date, studies examining terrestrial nutrient 

recycling in the faeces of large savannah vertebrates have primarily focused on herbivores 

(e.g. Wolf et al., 2013; Doughty et al., 2016; Hempson et al., 2017, Veldhuis et al., 2018). Due 
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to their low population densities, nutrient recycling in the faeces of savannah carnivores has 

been considered negligible (Wolf et al., 2013). However, bones concentrate Ca and P 

approximate 104x higher than in plant tissues (Brodie and McIntyre, 2019). This results in 

hyaena faeces that are considerably elevated in Ca and P (Kruuk, 1972). Furthermore, because 

hyaenas defecate in latrines – concentrated refuse areas for olfactory communication – the 

cycling of Ca and P in hyaena faeces may result in local sites of very high enrichment, 

influencing soil properties, vegetation composition and tissue nutrient content (Janssens et 

al., 1998; Stevens et al., 2018).  

 

Fresh hyaena faecal deposits are green-grey in colour, but quickly turn white due to the 

presence of calcium phosphate within the faeces (figure 1; Larkin et al., 2000; Pesquero et al., 

2014). In this inorganic white powder form (figure 1c), hyaena faeces mimic the application 

of bone meal, a common fertiliser for soils, whereby stable Ca phosphates become 

increasingly soluble with decreasing soil pH (Jeng et al., 2007). In this way, the inorganic 

components of bone meal (faeces) act as slow-release mineral fertilisers (Brod et al., 2015). 

Much of sub-Saharan Africa has a soil pH <7 (Hengl et al., 2015; figure 2), indicating that 

inorganic nutrients from hyaena faeces may form an important component of local 

biogeochemical cycles.  

 

Figure 3.5.1. The breakdown of spotted hyaena (Crocuta crocuta) faeces from A) fresh (<12 hrs 
since defecation) brown-green faeces, to B) white faeces, and C) after physical breakdown. 
Photos taken by A. Abraham in Manyeleti Nature Reserve (MNR) in July 2019.   
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We tested the hypothesis that hyaenas play a role in recycling Ca and P within terrestrial 

landscapes by first comparing the enrichment of Ca and P in hyaena faeces to other large 

savannah carnivores. For comparison, we quantified faecal concentrations from spotted 

hyaena (Crocuta crocuta) in the lowveld of South Africa and brown hyaena (Parahyaenna 

brunnea) in the southern Kalahari. We then compared the flux of minerals excreted in hyaena 

faeces from these sites to known important abiotic fluxes, including local weathering and 

atmospheric deposition rates.  

 (e.g. Wolf et al., 2013;  

 

METHODS  

 

Study area 

 

We calculated the flux of mineral recycling by spotted hyaena at Manyeleti Nature Reserve 

(MNR), a 23,750 ha wildlife reserve located at S 24°36ʹ and E 31°30ʹ, which shares open 

boarders with the Kruger National Park and Associated Private Nature Reserves in the lowveld 

of South Africa (figure 2a). MNR is situated on granitic substrate, which is poor in available P 

Figure 3.5.2. A) Map of sub-Saharan Africa showing the location of Tswalu Kalahari Reserve (TKR) 
and Manyeleti Nature Reserve (MNR). Underlying map is surface soil (0-5cm) pH measured in 
H2O from Hengl et al. (2017). Note: the inorganic fraction of hyaena faeces will only become 
bioavailable where soil pH <7. Present (black) and present-natural (grey) species range for B) 
Hyaena spp, C) Crocuta spp and D) Parahyaena spp adapted from PHYLACINE v1.2 (Faurby et al., 
2018). 
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(~7 ppm) and Ca (~100 ppm), but mildly acidic (Khomo, 2008; Hengl et al., 2017; Steenkamp 

et al., 2018). Spotted hyaena density is estimated to be ~0.13 individuals km-2 (Mills et al., 

2001). We calculated the flux of mineral recycling by brown hyaena at Tswalu Kalahari 

Reserve (TKR), a 121,700 ha wildlife reserve located at S 27°13ʹ and E 22°28ʹ in the southern 

Kalahari Desert, South Africa (figure 2a). The substrate is primarily aeolian sands of the 

Gordonia formation, which is deficient in available P (~10 ppm) and less acidic than at MNR 

(O’Halloran et al., 2010; Hengl et al., 2017). The density of brown hyaena in the southern 

Kalahari has been estimated at ~0.018 individuals km-2 (Mills and Mills, 1982). 

 

Sample collection and analysis 

For comparison, fresh (<12 hrs) faecal samples were collected opportunistically from six 

species of savannah carnivore: lion (Panthera leo), leopard (Panthera pardus), wild dog 

(Lycaon pictus), spotted hyaena (Crocuta crocuta), brown hyaena (Parahyaenna brunnea) and 

black-backed jackal (Canis mesomelas). Ten faecal samples were collected per species at each 

site, except for spotted and brown hyaena, which were collected only at MNR and TKR 

respectively. Most samples were collected following observed defecation events. Additional 

samples were identified using spoor (Liebenberg, 1991) and scat characteristics (Estes, 1991). 

All samples were frozen within 5 hours to -20 ˚C and transported to the Endocrine Research 

Laboratory, University of Pretoria for lyophilisation at -54˚C and ~0.96 mbar for 5-7 days until 

completely dry. Subsequently, dry faecal samples were pulverised by hand using a pestle and 

mortar and sifted through a plastic-mesh strainer to remove bone fragments. At the 

University of Pretoria Soil Sciences Laboratory, 0.25g – 0.30g of dried faecal powder was 

digested in 10ml of Suprapur Nitric acid (65%) and analysed for P and Ca concentration using 

a SPECRO GENESIS Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).  

Mineral recycling by hyaena 

 

The flux of nutrients entering the ecosystem via the faeces of hyaena was calculated using 

equation 3.5.1: 
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Where for each species, DMf is the dry matter of faeces in g individual-1 yr-1, Cf is the mean 

faecal nutrient concentration in g g-1 from this study and D is the density of hyaena in 

individuals km-2 from literature sources outlined in Table 1. DMf for each hyaena species was 

calculated using equation 3.5.2:  

 

89:	(/		+'=25	4*25) =
>?@

A
∗ (1 − D) ∗ E   (eq 3.5.2) 

 

Where, FMR is the field metabolic rate calculated for an individual mammal in kJ/day by Nagy 

et al. (1999) based on body mass (BM) using the allometric relationship 4.82*BM0.734. E is the 

metabolizable energy of a carnivore diet equivalent to 16.8 kJ/g DM from Nagy et al. (1999). 

A is the mean dry matter assimilation efficiency of 0.77 for carnivores from (De Cuyper et al., 

2020) and T is 365 for the number of days in a year. The best estimate, lower and upper values 

for all parameters used in equations 1 and 2 are provided with references in table 1 for each 

study site. Lower and upper estimates were calculated using minimum and maximum values 

from the literature for each parameter respectively (see table 1). However, where only one 

value was given, we varied this by 10% to generate uncertainty bounds.  

 

 Ethical statement 

 

All samples were collected with the approval of the University of Pretoria Research and 

Animal Use and Care Committee (Reference EC043-18 and EC043-18-A1) and the South 

African Department of Agriculture, Forestry and Fisheries (DAFF-18/02/2019).  

 

RESULTS  

 

Compared to other large savannah carnivores, brown and spotted hyaenas have higher 

concentrations of faecal Ca and P (figure 3). Both hyena species displayed overall average 

faecal concentrations of ~0.25 g Ca g-1 DM and ~0.12 g P g-1 DM, which is 4-30x greater than 

the mean of other carnivore species.The Ca and P concentration of non-hyaena species 

decreased with body size from lion (0.051 g Ca g-1 DM; 0.031 g P g-1 DM) to black-backed jackal 
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(0.008 g Ca g-1 DM; 0.004 g P g-1 DM). For these species there was no statistical difference in 

faecal nutrient concentration between reserves. Lion, leopard and wild dog have high outlying 

points, indicating that non-hyaena species may occasionally pass bones through their 

digestive tract.   

 

Spotted hyaenas were calculated to produce 226 [117-377] g faecal DM individual-1 day-1, 

whilst brown hyaenas produced 154 [86-245] g faecal DM day-1 (table 1). For spotted hyaena 

in MNR this translates into annual mineral recycling of 2681 [762-7691] g Ca km-2 yr-1 and 

1136 [312-3355] g P km-2 yr-1. However, for brown hyaenas in TKR, due to a significantly lower 

Spotted hyaena in lowveld (MNR) 

 Lower Best Estimate Upper Reference(s) 

Body mass (kg) 54.5 65.4 75.5 Skinner and Chimimba 
(2005) 

Field metabolic rate (kJ day-1) 14439 16507 18342 Nagy et al. (1999) 

Diet metabolizable energy (kJ g-1) 15.1 16.8 18.5 Nagy et al. (1999) 

Assimilation efficiency (%) 0.69 0.77 0.85 De Cuyper et al. (2020) 

Faecal matter (g DMf day-1) 117 226 377 This study 

Faecal Ca concentration (g g-1 DMf) 0.186 0.250 0.314 This study 

Faecal P concentration (g g-1 DMf) 0.076 0.106 0.137 This study 

Density (individuals km-2) 0.096 0.13 0.178 Mills et al. (2001) 

Brown hyaena in southern Kalahari Desert (TKR) 

 Lower Best Estimate Upper Reference(s) 

Body mass (kg) 35.7 38.9 42.1 Skinner and Chimimba 
(2005) 

Field metabolic rate (kJ day-1) 10585 11273 11947 Nagy et al. (1999) 

Diet metabolizable energy (kJ g-1) 15.1 16.8 18.5 Nagy et al. (1999) 

Assimilation efficiency (%) 0.69 0.77 0.85 De Cuyper et al. (2020) 

Faecal matter (g DMf day-1) 86 154 245 This study 

Faecal Ca concentration (g g-1 DMf) 0.205 0.249 0.292 This study 

Faecal P concentration (g g-1 DMf) 0.094 0.116 0.139 This study 

Density (individuals km-2) 0.016 0.018 0.020 Mills and Mills (1982) 

Table 3.5.1. Parameters used to calculate the best, lower and upper estimates of Ca and P 
recycling by spotted hyaena (Crocuta crocuta) at Manyeleti Nature Reserve (MNR) and by 
brown hyaena (Parahyaenna brunnea) at Tswalu Kalahari Reserve (TKR). DMf refers to dry 
matter of faeces.  
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population density (see table 1), mineral recycling was ~10x smaller at 253 [103-523] g Ca km-

2 yr-1 and 118 [47-249] g P km-2 yr-1.   

 

DISCUSSION  

 

Mineral fluxes 

 

The concentration of Ca and P in hyaena faeces is between 1000-20,000x greater than local 

soil concentrations of these minerals at both MNR and TKR (Hengl et al., 2017). For spotted 

hyaena at MNR, this leads to a faecal deposition flux of P that is of a similar order of magnitude 

to other abiotic fluxes in the region. For example, Mahowald et al. (2008) estimate P 

deposition over the Kruger National Park between 100-500 g km-2 yr-1, which includes net 

deposition as a result of biomass burning. Additionally, Wolf et al. (2013) estimate a local rock 

weathering flux of P equal to 127.5 g km-2 yr-1 based on rock mineral concentration and 

weathering rate. Together these abiotic fluxes, which constitute the primary input of P into 

MNR, provide an upper estimate of ~650 g P km-2 yr-1. This value is a little over half of that 

Figure 3.5.3. Faecal concentration measurements for six species of large carnivore for A) 
calcium and B) phosphorus. Individual points represent nutrient concentration from separate 
faecal samples.  
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which we calculate annually being recycled in spotted hyaena faeces in MNR. Even in TKR, 

where the flux of P recycled within brown hyaena faeces is much smaller due to a lower 

population density (table 1), the values are of the same order of magnitude to atmospheric 

deposition (Mahowald et al., 2008). However, given the less acidic nature of soils in the 

southern Kalahari (figure 2a), minerals in faeces may take longer to become available to plants 

here. Absolute estimates of abiotic Ca fluxes in our study sites are lacking. However, Khomo 

(2008) finds that Ca is the most extensively leached element in southern parts of the Kruger 

National Park. Therefore, the importance of Ca contributions to soils via hyaena faeces is likely 

consistent with that of P in certain locations.  

 

We also find that other large carnivores contribute to Ca and P recycling. However, this is 

variable, likely reflecting more sporadic ingestion of bones. Furthermore, hyaena 

preferentially break and consume larger animal bones (e.g. femurs), which are either 

inaccessible or often overlooked by other carnivores if alternative food sources are abundant 

(Van Valkenburg and Ruff, 1987). This highlights the disproportionate role played by hyaena 

for re-mobilising nutrients stored in bones. 

 

Hyaenas and other large carnivores are not adding “new” minerals into the ecosystem, given 

that minerals from bones would eventually weather and be re-integrated into the soil. 

However, they do reduce the stock of immobilised minerals held in bones and vastly decrease 

the time for these minerals to become available. This process is akin to the role played by 

mammoths in mobilising nutrients locked up in vegetation across the northern high latitudes 

as suggested by Zimov et al. (1995). Further, due to their acidic digestive tract (Skinner and 

Chimimba, 2005), hyaena may also increase the partitioning of calcium phosphate to more 

soluble forms. Therefore, in sites where soil Ca or P occurs in low concentrations such as 

southern Kruger National Park (Khomo, 2008) or the southern Kalahari (Abraham et al., 2021), 

the re-mobilisation of nutrients by hyaenas from the bone to soil stock may play an important 

ecosystem role. If so, many ecosystems across Europe, Asia and parts of Africa, which lost 

hyaena genera during the late-Pleistocene extinctions (see figure 2) may have lost an 

important mechanism of nutrient fertilisation, and one for which other carnivores do not fully 

compensate.  
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Latrines 

 

Hyaena do not defecate evenly throughout the landscape, but in concentrated (1-800m2) 

refuse areas called latrines (Skinner and Chimimba, 2005). Latrines are used for months – 

years and can have between 2-60 individual stools present at any one time (Gorman and Mills, 

1984; Vitale et al., 2020). Therefore, the geography of P and Ca input via the faeces of hyaena 

is strongly influenced by the geography of latrines, which are themselves a function of habitat, 

territorial boundaries and game drive roads (Hulsman et al., 2010; Vitale et al., 2020). 

Consequently, hyaenas potentially create nutrient hotspots within the landscape, which can 

influence many wider ecosystem processes including species diversity, decomposition rate 

and animal movement ecology. There are a number of beetle fauna that inhabit hyaena 

latrines (Krell et al., 2003), which may further redistribute minerals on the order of metres 

(Veldhuis et al., 2018; Vitale et al., 2020).  

 

Future research 

 

At present, there are a number of outstanding questions, which prevent a comprehensive 

analysis of the role of hyaenas as agents of nutrient recycling. However, given the magnitude 

of the theoretical flux and the likely spatial aggregation of nutrients into latrines as presented 

in this paper, we believe this topic warrants further consideration. In particular, further 

research related to the physical and chemical composition of hyaena faeces, size and 

geography of latrines and effects of different environmental conditions on faecal leaching 

rates will assist in addressing current knowledge gaps.  
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CONCLUDING STATEMENT 

 

The work presented here demonstrates the urgent need to incorporate biotic nutrient 

transport into our understanding of the Earth System. Modern societies are currently 

grappling with the breakdown of both our climate and biodiversity systems (IPCC, 2014; 

IPBES, 2019). The collective impact of animals in altering global biogeochemical cycles links 

these crises, and thus offers limited hope. Under the growing conservation movement of 

rewilding, the practice of restoring biodiversity and their ecosystem services can remove 

carbon dioxide from the atmosphere, fertilise wild ecosystems and reduce the deleterious 

consequences of eutrophication (Svenning, 2020). Where they are allowed to flourish, 

feedbacks within natural systems will help degraded landscapes bounce back over the coming 

century, increasing their contribution to ecological and climate stability.  

 

If we combine Cope’s Rule, the idea that animal size increases over time, with the 

disproportionate role of large animals in spreading nutrients, is it possible that the planet may 

have an internal Gaia-like mechanism to increase fertility over time? Or in other words, does 

life makes the planet more habitable for life? If so, human civilisations have substantially 

reversed this trend over the last 50,000 years through the Pleistocene megafauna extinctions 

(Doughty et al., 2016). In light of the growing body of evidence for the role of animals within 

global biogeochemical cycles, we must now design socioecological systems that allow the 

natural fertilisation of landscapes throughout all of Planet Earth.  
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APPENDICES 
 
APPENDIX A: IMPROVED ESTIMATION OF GUT PASSAGE TIME CONSIDERABLY AFFECTS 
TRAIT-BASED DISPERSAL MODELS – SUPPLEMENTARY INFORMATION 
 
 
APPENDIX A – SUPPLEMENTARY TEXT 
 
Supplementary text 1: 
 

Solute vs. particle markers – a distinction by degrees, not categories 

 

A large variety of passage markers has been used in experiments. A fundamental distinction 

between markers is whether they are soluble (solute markers), representing the liquid digesta 

phase, or whether they are non-soluble (particulate). In a large number of species, differences 

in the passage of solute and particulate markers have been demonstrated (Robbins, 1993; 

Müller et al., 2011). However, it should be noted that it is common practice to assume that 

the retention time of the solute marker is also be indicative of what happens with particles of 

a size too small to be assessed individually so far, like microbes – the movements of the solute 

marker are often equated with microbe transport (Cork et al., 1999; Franz et al., 2011). 

Therefore, while the difference between solute and particle marker passage has a 

physiological basis (related to fluid secretion into, and movement within, the gastrointestinal 

tract), the two cannot be really categorically separated. It must be noted that while solute 

markers are often excreted faster than particulate markers in many mammals and birds, a 

colonic separation mechanism that is part of the digestive physiology of many small mammals 

(Björnhag and Snipes, 1999; Cork et al., 1999) can lead to a selective retention of the solute 

marker. 

 
Particle marker – size and other effects 

 

Particle markers can have different sizes, and can be prepared in many different ways. In 

many studies, the exact size of the particle marker is not recorded, whereas other studies 

included a comparison of specific marker sizes, and therefore document the size of their 

markers. Most notably, ruminating herbivores (i.e., ruminants and camelids) have a 

differential passage of small and large particles, with a selective retention of the larger ones 
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that are retained for rumination and thus particle size reduction (Dittmann et al., 2015). In 

small mammalian herbivores, a selectively faster expulsion of larger particles has been 

suspected based on the considerations on the colonic separation mechanism (that retains 

very fine particles, i.e. microbes, and in some species by the support of a selective fluid 

retention) (Cork et al., 1999), but not been demonstrated experimentally to our knowledge 

with particle markers of different sizes. To our knowledge, some but not all investigated 

hippopotamus specimens are the only mammals in which a selective large particle expulsion 

(as opposed to simultaneous passage of large and small particles) has been documented 

(Clauss et al., 2004; Schwarm et al., 2008). In horses, a relevant effect of particle size on 

marker retention has been excluded experimentally (Hummel et al., 2018), and in elephants, 

results of very different markers such as rubber rings cut from garden hose (Hackenberger, 

1987), plastic tablets of 1 cm diameter (Monfort and Monfort, 1979), chromium oxide powder 

(Loehlein et al., 2003) or chromium-mordanted fibre particles of 1-2 mm particle size (Steuer 

et al., 2011) all gave very similar MRT results. No effect of the size of the particle marker (fed 

orally) was reported in studies using several marker sizes in kangaroos, peccaries, or various 

colobine monkeys (Schwarm et al., 2009; Munn et al., 2012; Matsuda et al., 2015; Matsuda 

et al., 2019).  

 

A study in a very small ruminant, the dikdik (Madoqua saltiana) demonstrated that the 

concept of “large” and “small” particles may well depend on the size of the animal under 

investigation (Hebel et al., 2011). In that study, particles of a size considered “small” in larger 

ruminants (1-2 mm) showed a passage pattern in the dikdik typical for “large” particle in 

larger ruminants (10 mm); a pattern resembling that of “small” particles could only be 

achieved by even finer particles (0.2 mm). To date, there is no validated quantitative approach 

to classify marker size in relation to animal size. 

In ruminants, it has been demonstrated repeatedly that the density of the particle marker has 

a major effect on its retention (reviewed in Clauss et al., 2011); this has not been investigated 

in other taxa to our knowledge. 

 

Note that marker size, and especially marker density, are not reported in a standardized way 

across studies, and that an attempt to include this information would have led to the 

exclusion of studies. 
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Additionally, different markers may have different properties. For example, it has been 

suggested in ruminant studies that ytterbium as a particle marker may dissociate from 

particles (but mainly bind to other small particles), or that chromium-mordanted fibres are 

retained longer than cerium- or lanthanium-mordanted fibres of similar size (reviewed in 

Schwarm et al., 2011). 

 

Passage studies – effects of the sampling regime 

 

An important aspect of how passage information is gained is the frequency of faecal sampling. 

In some species, with a low defecation rate, the sampling regime may be dictated by the 

animal, for example in dogs (De Cuyper et al., 2018) or in anteaters (Myrmecophaga 

tridactyla) (Gull et al., 2015) where a single defecation or two defecations per day may be the 

norm, and any more frequent sampling would require invasive manipulation (such as digital 

emptying of the rectum under manual or chemical restraint), which would in turn influence 

the results. In species with very frequent defecations (Matsuda et al., 2015), a regime may be 

adopted that does not sample each single defecation for logistical convenience or to reduce 

lab costs. Across some herbivores like sloths, tapirs, or rhinoceroses, the number of 

defecations is, to some extent, linked to the level of food intake and the mean retention time 

(with lower intake and longer retention associated with less defecations), but other herbivore 

groups such as ruminants, kangaroos, primates, horses or elephants have much higher 

defecation rates that do not fit that pattern (reviewed in Vendl et al., 2016). To date, a 

validated quantitative approach to estimate defecation rates and hence adjust passage 

sampling regimes does not exist, to our knowledge. Note that in small species, such as very 

small mammals (Hagen et al., 2018) or birds (Frei et al., 2017), a more frequent sampling 

regime is necessary to detect passage patterns than in larger animals, but again, no validated 

concept for this exists to our knowledge. 

Van Weyenberg et al. (2006) and Matsuda et al. (2015) assessed the effect of sampling 

frequency on the MRT result in dependence of the mathematical approach used, and 

demonstrated an effect for one common approach that does not account for the sampling 

interval (Blaxter et al., 1956; Warner, 1981), but no effect for another common approach that 

does (Thielemans et al., 1978). In that study, the result gained from a “less frequent” sampling 

regime (i.e., not using each single of the about 20 defecations per day, but dividing the day 
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into more typical intervals of 4 hours for the first two days, 6 hours for the third and 8 hours 

from then on), the two methods yielded results of very similar magnitude. Hence, it seems 

that the main danger of introducing methodological variation is when including MRT data 

gained from calculations that do not account for the sampling interval and that used data 

from very infrequent sampling, or extremely intensive sampling in a species with high 

defecation frequency. The latter case is unlikely due to the logistic and financial 

inconvenience. Because a very large data collection on passage times in herbivores that has 

been frequently cited in the literature (Foose, 1982) used the combination of a very low 

sampling regime (1-2 times daily) in herbivores of which most defecate much more 

frequently, and the mathematical approach of not accounting for the sampling interval, this 

dataset typically yields MRT data that is systematically higher than that gained from other 

studies (reviewed in Clauss et al., 2007). 

Single-species studies and data averaging 

 

Many studies used in the present study investigated only single species, and the species is 

represented only by that study. For some species of the present study, average values were 

calculated across different studies. 

 

Consequences for our approach 

 

To account for one of the most fundamental marker characteristic, we assessed solute and 

particulate markers separately. However, we did not account for marker particle size, 

particulate marker type, and sampling frequency (apart from excluding a large dataset with 

particularly low sampling regime for the species under investigation). Assessing the effect of 

marker type, marker size and density, or sampling frequency additionally in our models, for 

example as random factors, or using a more summative approach by using “study” as a 

random factor, would have appeared a feasible approach if our dataset had consisted of few, 

large-scale comparative studies, each of which covering a large number of species. In that 

case, we could have used only one value of a specific study per species, and could have linked 

the marker type, size and sampling frequency to that species, or just used “study” as random 

factor. Where study and species often overlap (due to a large number of single-species 

studies), accounting for study becomes unfeasible. 
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Without setting a threshold value (e.g., how many species could be covered using an 

approach only accepting large-scale multi-species studies as sources), we decided against that 

approach. Rather, we used all available literature, averaging results for solute or particle 

markers across studies per species; hence, it is not possible to link marker type, size and 

sampling frequency consistently to a species. Because we make our sources and data 

available, investigators aiming to assess the effects of these factors can use our collection as 

a starting point, but we consider doing this beyond the scope of our own study. The fact that 

our results largely agree, in their pattern for mammals, with studies that used a stricter 

methodological selection of studies (Clauss et al., 2007; Müller et al., 2011; Müller et al., 2013; 

De Cuyper et al., 2020), or that represent new own large-scale studies (Steuer et al., 2011; 

Clauss et al., 2020) gives us confidence that this approach does not introduce undue bias.  
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Supplementary text 2: Details of the animal traits compiled for estimating gut passage time 
in mammals and birds.  
 
 
The trait data compiled for this study significantly expands on that used in previous studies. 

For example, Yoshikawa et al. (2019) include information on diet, but this was limited to four 

categories. In our study, we include consumption percentage from ten different diet classes 

found in Elton Traits v1.0 (Wilman et al., 2014). The Elton Traits v1.0 database also provided 

information for activity time, body mass and feeding strata. Morphological data was added 

from Walker’s Mammals of the World (Nowak and Walker, 1999) for mammals. This volume 

also provided information on rumination and volancy in mammals. Species gut physiology 

was allocated according to Stevens and Hume (1995) based on the following categories: 

foregut fermenter, hindgut fermenter, or a simple gut with no distinct fermentation chamber. 

Phylogenies for mammals and birds are taken from recently published time-calibrated 

phylogenies of the two taxa. For mammals, we use data for 5831 species known to have lived 

since the last interglacial from PHYLACINE v1.2 (Faurby et al., 2018). We obtained 1000 

individual trees to capture uncertainties in branching times and topology. For birds, we used 

BirdTree.org and also obtained 1000 trees (Jetz et al., 2014). To undertake our statistical 

analysis, we converted these trees into a single consensus tree using the SumTree programme 

in the Python library DendroPy (Sukumaran and Hoder, 2010). For birds, we utilised the nine 

key morphological traits predicted by Pigot et al. (2020), which includes data related to beak 

size and shape, the primary apparatus used by birds to capture and process food. However, 

none of these principal components directly relate to gut passage time.  

 
 
 
 
 
 
 
.  
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APPENDIX A - SUPPLEMENTARY TABLES 
 
Supplementary Table 1: Factors suggested to impact gut passage time in endothermic 
animals.   
 

 
Trait 

Example 

Class Animal Group  Reference 

Age Aves 
Mammalia  
Mammalia 

Chicken 
Kangaroos 

Walrus 

Vergara et al. (1989) 
Munn and Dawson (2006) 
Kastelein et al. (2003) 

Behavioural/olfactory 
defecation 

Mammalia 
Mammalia 

Wombats 
Red howling monkeys 

Barboza (1993) 
Gilbert (1997) 

Body mass Aves 
Aves 
Aves 

Aves/Mammalia 
Mammalia  
Mammalia 

Raptors 
Pigeon 

Frugivores 
Multiple 

Nubian Ibex 
Herbivores 

Duke et al. (1976) 
Wotton and Kelly (2012) 
Sorensen et al. (2020) 
Yoshikawa et al. (2019) 
Gross et al. (1996) 
Demment and Van Soest (1983) 

Coprophagy Mammalia  
Mammalia 

Rabbits/guinea pigs 
Viscacha 

Franz et al. (2011) 
Clauss et al. (2007a) 

Diet Aves 
Aves 

Mammalia  
Mammalia 
Mammalia 

Geese 
Ducks 
Seals 

Otters 
Carnivores 

Prop and Vulink (1992)  
Charlambidou et al. (2005)  
Trumble and Castellini (2005) 
White et al. (2007) 
De Cuyper et al. (2020) 

Dry matter intake Aves 
Aves 

Mammalia  
Mammalia 

Sparrows 
Oilbirds 

Bats 
Herbivores 

Lepczyk et al. (1998) 
Bosque (1993) 
Laska (1990) 
Clauss et al. (2007b)   

Feeding strata 
(terrestrial/arboreal/aerial) 

Aves 
Mammalia 
Mammalia 

Penguins 
Marine mammals 

Sloths 

Jackson (1992) 
Kastelein et al. (2003) 
Vendl et al. (2016) 

Gut physiology Aves 
Aves 

Mammalia  
Mammalia 

Hoatzin 
Raptors 

Herbivores 
Ungulates 

Grajal and Parra (1995) 
Barton and Houston (1993) 
White and Seymour (2005) 
Steuer et al. (2011) 

Habitat  
(marine/terrestrial) 

Aves 
Mammalia 

Penguins  
Manatee 

Hilton et al. (1998) 
Lomolino and Ewel (1984) 

Health Aves 
Mammalia  
Mammalia  

Seabirds 
Harbour porpoises 

Walrus 

Hilton et al. (2000)  
Kastelein et al. (1997) 
Kastelein et al. (2003) 

Laxatives Aves 
Aves 
Aves 

Mammalia  

Frugivorous birds 
Emu 

Cedar waxwings 
Bats 

Murray et al. (1994) 
Willson (1989) 
Wahaj et al. (1998) 
Baldwin and Whitehead (2015) 

Mastication  Mammalia  Herbivores Schwarm et al. (2009) 
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Mammalia Herbivores Clauss et al. (2009) 

Migration Aves 
Aves 

Seabirds 
Warblers 

Jackson et al. (1992) 
Bauchinger et al. (2009) 

Photoperiod Aves 
Aves 

Mammalia  

Raptors 
Geese 
Bats 

Duke et al. (1976) 
Prop and Vulink (1992)  
Laska (1990) 

Physical activity Aves 
Mammalia  
Mammalia  
Mammalia 

Ducks 
Elephants 

Bats 
Horses 

Kleyheeg et al. (2015) 
Beirne et al. (2019) 
Buchler (1975) 
Orton (1985) 

Pregnancy  Mammalia  
Mammalia 

Sheep 
Bats 

McC and Williams (1962) 
Buchler (1975); Roswag (2012) 

Regurgitation Aves 
Aves 

Raptors 
Pigeons 

Duke et al. (1976) 
Wotton et al. (2008) 

Rumination 
 

Mammalia  
Mammalia 

Ungulates 
Ungulates 

Demment and Van Soest (1985) 
Steuer et al. (2011) 

Temperature Aves 
Mammalia  
Mammalia 

Cedar waxwings 
Sheep 

Marine mammals 

McWilliams et al. (1999) 
Barnett et al. (2015)  
Kastelein et al. (2000)  

Volancy Aves 
Mammalia 

Penguins 
Bats 

Jackson et al. (1992)  
Roswag et al. (2012) 

  
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 



 
131 

Supplementary table 2: Allometric scaling coefficients for gut passage time in endotherms 
across marker types using GLS and PGLS regression. N equals number of species. λ was 
calculated using the maximum likelihood method. a is the y-intercept and b is the scaling 
exponent. Values in brackets are parameter 95% confidence intervals.  
 

Taxon 
 

Marker n Model λ a b 

Mammalia TTparticle 106 GLS - 
 

5.474 
[4.527, 6.613] 

0.278 
[0.230, 0.327] 

Mammalia TTparticle 106 PGLS 0.760 
 

6.777 
[1.905, 24.107] 

0.265 
[0.227, 0.304] 

Mammalia MRTparticle 208 GLS - 
 

16.008 
[13.937, 18.387] 

0.209 
[0.189, 0.230] 

Mammalia MRTparticle 208 PGLS 0.952 
 

15.267 
[3.018, 77.229] 

0.179 
[0.149, 0.208] 

Mammalia TTsolute 40 GLS - 
 

3.251 
[2.174, 4.862]  

0.275 
[0.232, 0.318] 

Mammalia TTsolute 40 PGLS 0.981 
 

3.952 
[0.736, 21.229] 

0.181 
[0.131, 0.232] 

Mammalia MRTsolute 147 GLS - 
 

20.700 
[17.914, 23.919] 

0.099 
[0.078, 0.119] 

Mammalia MRTsolute 147 PGLS 0.980 
 

18.919 
[4.322, 82.817] 

0.130 
[0.102, 0.158] 

Aves TTparticle 33 GLS - 
 

5.363 
[3.012, 9.549] 

0.592 
[0.468, 0.717] 

Aves TTparticle 33 PGLS 1.000 
 

1.836 
[0.383, 8.791] 

0.235 
[0.112, 0.358] 

Aves MRTparticle 87 GLS - 
 

5.077 
[3.926, 6.567] 

0.468 
[0.410, 0.527] 

Aves MRTparticle 87 PGLS 0.001 
 

4.831 
[3.764, 6.205] 

0.435 
[0.381, 0.489] 

Aves TTsolute 33 GLS - 
 

1.504 
[0.971, 2.330] 

0.296 
[0.235, 0.357] 

Aves TTsolute 33 PGLS 1.000 
 

1.117 
[0.245, 5.095] 

0.244 
[0.118, 0.370] 

Aves MRTsolute 19 GLS - 
 

4.094 
[2.794, 5.998] 

0.368 
[0.308, 0.428] 

Aves MRTsolute 19 PGLS 0.894 
 

3.301 
[1.246, 8.748] 

0.361 
[0.264, 0.459] 
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Supplementary table 3: Allometric scaling coefficients for gut passage time in mammals 
across marker types using GLS and PGLS regression calculated separately for dominant 
feeding strategies. N equals number of species. λ was calculated using the maximum 
likelihood method. a is the y-intercept and b is the scaling exponent. Values in brackets are 
parameter 95% confidence intervals.  
*Only one species observed for omnivore TTsolute 

 
Taxon 

 
Marker Trophic Group n Model λ a b 

Mammalia TTparticle Herbivore 55 GLS - 6.855 
[4.988, 9.431] 

0.282 
[0.203, 0.362] 

Mammalia TTparticle Herbivore 55 PGLS 0.761 7.925 
[1.910, 32.884] 

0.250 
[0.052, 0.352] 

Mammalia TTparticle Omnivore 11 GLS - 4.238 
[2.008, 8.953] 

0.277 
[-0.101, 0.656] 

Mammalia TTparticle Omnivore 11 PGLS 1.000 3.401 
[0.879, 13.158] 

0.232 
[-0.112, 0.575] 

Mammalia TTparticle Carnivore 40 GLS - 4.246 
[3.187, 5.658] 

0.226 
[0.157, 0.295] 

Mammalia TTparticle Carnivore 40 PGLS 0.679 4.821 
[1.436, 16.184] 

0.241 
[0.120, 0.361] 

Mammalia MRTparticle Herbivore 154 GLS - 19.011 
[16.167, 22.354] 

0.189 
[0.144, 0.233] 

Mammalia MRTparticle Herbivore 154 PGLS 0.952 23.903 
[4.993, 114.434] 

0.148 
[0.082, 0.213] 

Mammalia MRTparticle Omnivore 27 GLS - 12.122 
[8.290, 17.743] 

0.074 
[-0.125, 0.273] 

Mammalia MRTparticle Omnivore 27 PGLS 0.924 10.946 
[4.894, 24.508] 

0.247 
[0.041,0.453] 

Mammalia MRTparticle Carnivore 26 GLS - 11.870 
[8.085, 17.427] 

0.216 
[0.101, 0.332] 

Mammalia MRTparticle Carnivore 26 PGLS 0.643 11.336 
[3.869, 33.215] 

0.228 
[0.098, 0.357] 

Mammalia TTsolute Herbivore 27 GLS - 3.842 
[2.377, 6.215 

0.297 
[0.202, 0.392] 

Mammalia TTsolute Herbivore 27 PGLS 0.972 4.637 
[1.031, 20.843] 

0.184 
[0.084, 0.284] 

Mammalia TTsolute Omnivore 1 GLS * * 
 

* 

Mammalia TTsolute Omnivore 1 PGLS * * 
 

* 

Mammalia TTsolute Carnivore 12 GLS - 2.416 
[1.101, 5.296] 

0.161 
[-0.026, 0.347] 

Mammalia TTsolute Carnivore 12 PGLS 0.653 2.670 
[0.915, 7.783] 

0.234 
[0.086, 0.383] 

Mammalia MRTsolute Herbivore 125 GLS - 23.571 
[20.287, 27.413] 

0.072 
[0.031, 0.113] 

Mammalia MRTsolute Herbivore 125 PGLS 0.969 33.082 
[9.217, 118.629] 

0.077 
[0.021, 0.132] 

Mammalia MRTsolute Omnivore 10 GLS - 16.810 
[9.650, 29.283] 

0.080 
[-0.314, 0.473] 

Mammalia MRTsolute Omnivore 10 PGLS 0.001 17.133 
[10.708, 27.413 

0.073 
[-0.258, 0.405] 

Mammalia MRTsolute Carnivore 12 GLS - 12.616 
[5.709, 27.910] 

0.161 
[-0.071, 0.393] 

Mammalia MRTsolute Carnivore 12 PGLS 0.001 12.049 
[5.948, 24.386] 

0.176 
[-0.030, 0.383] 
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Supplementary table 4: Allometric scaling coefficients for gut passage time in birds according 
to y = a.xb across marker types using GLS and PGLS regression calculated separately for 
dominant feeding strategies. N equals number of species. λ was calculated using the 
maximum likelihood method. a is the y-intercept and b is the scaling exponent. Values in 
brackets are parameter 95% confidence intervals. 
 
Taxon 

 
Marker Trophic Group n Model λ a b 

Aves TTparticle Herbivore 7 GLS - 1.826 
 [0.510, 6.54] 

0.420 
[-0.07, 0.921] 

Aves TTparticle Herbivore 7 PGLS 0.001 1.690 
[0.648, 4.504] 

0.398 
[0.015, 0.780] 

Aves TTparticle Omnivore 8 GLS - 1.141 
[0.633, 2.059] 

0.348 
[0.122, 0.574] 

Aves TTparticle Omnivore 8 PGLS 0.001 1.020 
[0.672, 1.550] 

0.305 
[0.153, 0.457] 

Aves TTparticle Carnivore 17 GLS - 15.847 
[8.174, 30.723] 

0.763 
[0.420, 1.106] 

Aves TTparticle Carnivore 17 PGLS 0.992 8.723 
[2.918, 26.076] 

0.211 
[-0.100, 0.522] 

Aves MRTparticle Herbivore 42 GLS - 3.792 
[2.641, 5.441] 

0.489 
[0.331, 0.648] 

Aves MRTparticle Herbivore 42 PGLS 0.001 3.604 
[2.565, 5.058] 

0.457 
[0.314, 0.600] 

Aves MRTparticle Omnivore 20 GLS - 5.233 
[1.950, 14.055] 

0.400 
[0.049, 0.751] 

Aves MRTparticle Omnivore 20 PGLS 0.001 5.063 
[2.333, 10.990] 

0.372 
[0.104, 0.641] 

Aves MRTparticle Carnivore 25 GLS - 7.516 
[6.178, 9.152] 

0.461 
[0.340, 0.582] 

Aves MRTparticle Carnivore 25 PGLS 0.001 7.546 
[6.240, 8.265] 

0.461 
[0.343, 0.578] 

Aves TTsolute Herbivore 8 GLS - 1.657 
[0.601, 3.164] 

0.446 
[0.148, 0.744] 

Aves TTsolute Herbivore 8 PGLS 1.000 1.670 
[0.573, 4.870] 

0.424 
[0.118, 0.729] 

Aves TTsolute Omnivore 13 GLS - 1.339 
[0.668, 2.689] 

0.228 
[0.025, 0.431] 

Aves TTsolute Omnivore 13 PGLS 0.934 1.245 
[0.376, 4.121] 

0.182 
[-0.112, 0.475] 

Aves TTsolute Carnivore 12 GLS - 1.672 
[0.592, 4.716] 

0.290 
[0.032, 0.548] 

Aves TTsolute Carnivore 12 PGLS 1.000 1.672 
[0.319, 8.767] 

0.405 
[-0.092, 0.902] 

Aves MRTsolute Herbivore 7 GLS - 4.928 
[2.192, 11.078] 

0.344 
[0.094, 0.595] 

Aves MRTsolute Herbivore 7 PGLS 0.001 4.993 
[2.759, 9.025] 

0.348 
0.173, 0.523] 

Aves MRTsolute Omnivore 6 GLS - 2.158 
[0.947, 5.186] 

0.274 
0.009, 0.539] 

Aves MRTsolute Omnivore 6 PGLS 0.001 2.199 
[1.162, 4.166] 

0.268 
[0.072, 0.463] 

Aves MRTsolute Carnivore 6 GLS - 7.471 
[3.225, 17.305] 

0.532 
[0.277, 0.788] 

Aves MRTsolute Carnivore 6 PGLS 0.001 7.404 
[3.947, 13.888] 

0.541 
[0.355, 0.728] 
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Supplementary table 5: RMSE percentile results from the leave-one-out cross validation 
tests.  
 

 
Marker 

 
Model 

Mammal RMSE percentiles 
 

Bird RMSE percentiles 

5th 
 

25th 
 

50th 
 

75th 
 

95th 
 

5th 
 

25th 
 

50th 
 

75th 
 

95th 
 

 
 
 
 

TTparticle 

Constant 
 

1.50 4.28 7.10 19.67 40.56 0.39 1.80 2.30 9.81 19.39 

GLS 
 

0.15 1.65 6.17 17.16 33.98 0.21 0.59 2.56 10.23 19.73 

PGLS 
 

0.43 2.30 6.54 17.23 35.54 0.22 0.44 0.79 10.85 19.81 

GLMNET 
 

0.14 1.38 3.08 11.60 32.03 0.03 0.18 0.34 1.60 7.95 

Random 
Forest 

0.11 0.95 4.02 12.37 23.87 0.03 0.14 0.53 1.59 6.91 
 

 
 
 
 

MRTparticle 

Constant 
 

1.66 7.41 16.31 22.62 43.07 0.86 2.37 2.80 4.75 19.35 

GLS 
 

1.06 4.81 10.35 18.56 41.84 0.27 0.78 1.67 4.34 21.35 

PGLS 
 

1.54 6.86 13.13 21.31 43.93 0.30 0.73 1.66 4.23 20.13 

GLMNET 
 

0.83 3.36 7.14 13.95 35.13 0.17 0.68 1.41 3.15 19.04 

Random 
Forest 

0.42 3.09 6.84 12.55 34.49 0.11 0.47 1.43 3.22 19.46 

 
 
 
 

TTsolute 

Constant 
 

3.14 5.25 7.94 10.41 24.38 0.05 0.18 0.33 0.56 2.41 

GLS 
 

0.25 2.55 8.53 11.62 20.03 0.05 0.16 0.34 0.49 2.80 

PGLS 1.05 
 

2.27 5.93 12.85 21.72 0.05 0.14 0.27 0.43 2.32 

GLMNET 
 

0.25 1.48 3.5 8.12 18.28 0.02 0.13 0.31 0.51 3.52 

Random 
Forest 

0.15 1.13 3.62 6.59 14.49 0.03 0.08 0.33 0.48 1.63 

 
 
 
 

MRTsolute 

Constant 
 

0.59 4.25 9.18 17.06 31.65 1.33 1.92 2.48 8.88 16.54 

GLS 
 

0.60 3.21 8.63 15.43 34.41 0.34 0.60 0.99 6.03 15.60 

PGLS 
 

0.58 3.82 9.49 16.01 35.78 0.33 0.43 0.72 6.97 15.90 

GLMNET 
 

0.40  6.20 10.23 27.66 0.26 0.55 2.67 8.63 16.96 

Random 
Forest 

0.66 2.63 5.01 10.19 24.85 0.06 0.24 1.03 6.35 16.98 
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Supplementary table 6: Seed transport kernel quantiles using the Pires et al. (2017) model 
with different formulations for mean gut passage time. BM refers to the original body mass 
relationship of 10*BM0.22 for MRTparticle. RF refers to the random forest model for MRTparticle 
presented in this study, except with that genus removed from the training data. Empirical 
estimates were taken as the mean from Hackenburger (1987), Steuer et al. (2011), Bunney et 
al. (2017) and Beirne et al. (2019) studies for elephant (Loxodonta spp) and Clauss et al. (2010) 
and Campos-Arceis et al. (2012) for tapir (Tapirus spp). 
 

 Body 

mass 

(kg) 

Model MRT 

(hrs) 

5th 

(m) 

50th 

(m) 

95th 

(m) 

Elephant 

(Loxodonta spp) 

 

5000 

BM 65.1 994 4006 11969 

RF 37.5 622 2638 8727 

Empirical 31.8 487 2322 8205 

Tapir 

(Tapirus spp) 

 

200 

BM 32.1 184 897 3149 

RF 44.6 281 1175 3727 

Empirical 87.1 447 1841 5361 
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APPENDIX A - SUPPLEMENTARY FIGURES 
 

 
 
Supplementary figure 1: Allometric scaling for gut passage time in mammals across marker 
types using GLS (solid) and PGLS (dotted) lines for dominant feeding strategies. Trophic 
groups are defined using diet data from Elton Traits v1.0 (Wilman et al., 2014). Herbivores are 
defined as species with dominant feeding categories of “PlantSeed” or “FruiNect”. Omnivores 
are species with an “Omnivore” dominant feeding category. Carnivores are species with 
dominant feeding categories of “Invertebrates” or “VertFishScav”.   
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Supplementary figure 2: Allometric scaling for gut passage time in birds across marker types 
using GLS (solid) and PGLS (dotted) lines for dominant feeding strategies. Trophic groups are 
defined using diet data from Elton Traits v1.0 (Wilman et al., 2014). Herbivores are defined as 
species with dominant feeding categories of “PlantSeed” or “FruiNect”. Omnivores are 
species with an “Omnivore” dominant feeding category. Carnivores are species with 
dominant feeding categories of “Invertebrates” or “VertFishScav”.    
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Supplementary Figure 3: Predicted vs. observed values for transit time (TT) and mean 
retention time (MRT) in mammals obtained from the leave-one-out cross validation for the 
five statistical models.  
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Supplementary Figure 4: Predicted vs. observed values for transit time (TT) and mean 
retention time (MRT) in birds obtained from the leave-one-out cross validation for the five 
statistical models.  
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Supplementary figure 5: Variable importance plots for the random forest model predicting 
gut passage time across markers in mammals. The 10 most important variables are 
displayed for each marker. Variable name descriptions found in Mammal_MRTdata.xlsx at 
https://figshare.com/articles/dataset/Endotherm_Gut_Passage_Data/13182716. 
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Supplementary figure 6: Variable importance plots for the random forest model predicting 
gut passage time across markers in birds. The 10 most important variables are displayed for 
each marker. Variable name descriptions found in Bird_MRTdata.xlsx at 
https://figshare.com/articles/dataset/Endotherm_Gut_Passage_Data/13182716 



 
142 

 
 
Supplementary figure 7: Allometric relationship between gut passage mean retention time 
(MRTparticle) and body mass for mammal herbivore species. Species included in updated 
dispersal models by Pires et al. (2017) and Hempson et al. (2017) are highlighted with 
different colours.  
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Supplementary figure 8: Lateral nutrient transport across sub-Saharan Africa calculated using 
the Hempson et al. (2017) model with different formulations of mean gut passage time. 
Historic (~1000 years BP) lateral nutrient diffusion for (A) the original model formulation and 
(B) using the random forest MRTparticle model estimates for gut passage time in this study. 
Current lateral nutrient diffusion for (C) the original model formulation and (D) using the 
random forest MRTparticle model estimates for gut passage time in this study. Note the scale is 
log10 for panels C and D to highlight differences. Change in diffusion capacity between historic 
and current day scenarios for (E) the original model formulation and (F) using the random 
forest MRTparticle model estimates for gut passage time in this study. 
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APPENDIX B: SODIUM LIMITS LARGE HERBIVORE BIOMASS ACROSS SUB-SAHARAN AFRICA 
– SUPPLEMENTARY INFORMATION 

 
APPENDIX B - SUPPLEMENTARY TEXT 
 
 
Supplementary text 1: Predictor variables generated in this study to predict foliar Na 
concentration 
 
 
Sodium aerosol deposition 

 

Sodium aerosol deposition was estimated using an ensemble of ten independent sea salt 

aerosol deposition model outputs from the Aerosol Comparisons between Observations and 

Models Phase II project (AeroCom; https://aerocom.met.no/Welcome.html). These models 

have been well validated (Tsigaridis et al., 2014) and a full list of models used for this 

ensemble is presented in supplementary figure 1. All model simulations were run for the year 

2006 at a 1ox1o resolution. Consequently, to remove large step changes in neighbouring grid 

cells located close to the coast, we smoothed the output to a 0.1o x 0.1o resolution using 

bilinear interpolation. Finally, we converted sea salt aerosol deposition to sodium aerosol 

deposition using equation S1, based on the ratio of sodium within sea salt aerosol from Vet 

et al. (2014).  

 

F"GHI = 	0.307 ∗ NNDGHI           (equation S1) 

 

Where Nadep is sodium aerosol deposition in kg km-2 yr-1 and SSAdep is sea salt aerosol 

deposition in kg km-2 yr-1. To validate our sodium aerosol deposition outputs, we compared 

modelled monthly and annual wet deposition rates to empirical data collected at 11 sites 

distributed across sub-Saharan Africa as part of the International Network to study Deposition 

and Atmospheric chemistry in Africa (INDAAF; https://indaaf.obs-mip.fr/network/). At each 

site, rainwater chemistry has been collected and analysed for chemical constituents. The 

mean number of years over which data was collected at each sites was 9.7±5.4 years. In 

general, there is good agreement between modelled and empirical estimates of wet sodium 

aerosol deposition (supplementary figure 1). This is especially the case in sites with very high 



 
152 

(e.g. Cape Point, South Africa) and very low (e.g. >100km inland) sodium deposition. However, 

three sites located in southern Africa are overestimated, indicating discrepancies between 

model and empirical estimates in some locations. Dry aerosol deposition is harder to estimate 

as it is a function of particle size, surface roughness, ambient climate conditions and wind 

speed (Adon et al., 2013; Zhang and He, 2014). Therefore, we did not validate this component 

of sodium aerosol deposition. At the 11 INDAAF sites, dry deposition was modelled between 

5-2000% of the wet component, indicating that in some places modelled dry deposition forms 

a substantial component of the total aerosol sodium deposition flux.   

 

Sodium rock weathering 

 

Mineral weathering in soils is mediated by temperature, water flows and soil pH, partly 

controlled by plants and associated organisms during nutrient uptake. To estimate the release 

of Na from soil minerals, we used a chemical weathering model (Taylor et al., 2016), which 

calculates mineral dissolution rates as affected by plant productivity and soil moisture from 

the Sheffield Dynamic Global Vegetation Model (Woodward and Lomas, 2004). The models 

were forced with CRU TS v. 3.00 climate data (Harris et al., 2014). We calibrated the 

weathering model using measured elemental concentrations and inorganic carbon fluxes in 

river waters (Gaillardet et al., 1999).  

 

Net primary productivity 

 

Mean annual net primary productivity (NPP) was calculated over the period 2001-2010 using 

the Moderate Resolution Imaging Spectroradiometer (MODIS) annual NPP MOD17A3HGF V6 

product at a resolution of 500m. This time period was selected as it encompasses the majority 

of empirical foliar sodium concentration measurements collated for this study. Data was 

extracted using the Google Earth Engine platform (https://earthengine.google.com/).  
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Supplementary text 2: Large herbivore mammal faecal sample collection and analysis 
 

In total, 550 faecal samples were collected from 15 large mammal herbivore genera in 8 

wildlife reserves across South Africa. Supplementary table 2 outlines the location and number 

of samples collected within each reserve. All samples were collected fresh and frozen within 

8 hours at -20oC. Samples were transported to the Endocrine Research Laboratory, University 

of Pretoria, for lyophilisation at -54oC and ~0.96 mbar for 5-7 days until completely dry. Dry 

faecal samples were subsequently pulverised using a pestle and mortar to homogenise the 

sample. At the University of Pretoria Soil Sciences Laboratory, 0.25-0.30g of dried faecal 

sample was digested in 10ml of Suprapur Nitric acid (65%) and analysed for Na concentration 

using a SPECRO GENESIS Inductively coupled plasma optical emission spectrometer (ICP-OES).   
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Supplementary text 3: Estimates of large herbivore biomass 

 

Large herbivore census data were obtained from a targeted literature search that augmented 

the data presented in Hempson et al. (2015) and Staver & Hempson (2020). Searches were 

conducted using the Google and Google Scholar search engines, using the name of a 

protected area and different permutations of the terms ‘wildlife’, ‘herbivore’, ‘count’, ‘survey’ 

and ‘census’. Efforts were made to restrict the dataset to protected areas with the highest 

conservation status in their respective regions, with West African protected areas probably 

reflecting lower overall conservation statuses than those in East and southern Africa. 

Protected area-level data were also restricted to censuses that attempted to count all or most 

large herbivore species. Where census data were obtained for multiple years for a protected 

area, a protected area-level average density was calculated for each species. Census data 

were obtained for 31 protected areas (Supplementary text 3 Table 1), representing a fairly 

even split among southern (14), East (8) and West (9) Africa. 
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APPENDIX B - SUPPLEMENTARY TABLES 
 
Supplementary table 1. Predictor variables and associated details used to model foliar Na concentration.  
 

  

Mechanism Predictor Variable 

importance 

code 

Data source Units Resolution 

(m) 

Dataset range Sampled range Reference 

Min Max Min Max 

Input Sea salt aerosol 

deposition 

SSA AeroCom2 kg Na km-2 yr-1 ~10000 3.0 516.1 3.5 322.3 This study – see SI text 
for further information 

Rock sodium 

weathering rate 

Weathering Taylor et al. (2016) NA ~50000 1.0 7.1 1.0 6.7 This study – see SI text 
for further information 

Alluvial % Alluvial USGS Ecosystems 

project 

% 250 0.0 1.0 0.0 1.0 Sayre et al. (2013) 

Height Above 

Nearest Drainage 

HAND SRTM-30 m 30 0.0 1133.9 2.5 155.8 Donchyts et al. (2016) 

Retention Aridity index Aridity WorldClim2 NA 1000 0.0 

 

3.1 0.0 2.2 Trabucco and Zomer 

(2018) 

Mean annual 

precipitation 

1970-2000 

MAP WorldClim2 mm 1000 8.6 4498.7 90.3 2720.2 Fick and Hijmans (2017) 

Soil clay fraction Clay SoilGrids250 

 

% 250 3.6 65.5 9.1 53.3 Hengl et al. (2015) 

Cation exchange 

capacity 

CEC SoilGrids250 cmol kg-1 250 1.7 67.1 4.4 44.7 Hengl et al. (2015) 

Uptake Exchangeable soil 

Na (20-50cm) 

Ex_Na SoilGrids250 cmol kg-1 250 0.0 40.1 0.1 9.5 Hengl et al. (2015) 

Exchangeable soil 

K (20-50cm) 

Ex_K SoilGrids250 cmol kg-1 250 0.0 4.6 0.1 4.4 Hengl et al. (2015) 

Soil pH 

 

pH SoilGrids250 NA 250 4.4 9.4 4.9 8.6 Hengl et al. (2015) 

Dilution Net primary 

productivity 

NPP MODIS 

 

kg C m-2 yr-1 500 0.2 9.3 0.8 9.3 This study – see SI text 
for further information 

1
5

5
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Supplementary table 2: Hyperparameter grids used to train foliar Na concentration predictive 
models. 
 
 

Model Parameter Value 

Min Max By 

GBM interaction.depth 1 5 2 

n.trees 0 2500 50 

shrinkage 0.001 0.01 NA 

n.minobsinnode NA 10 NA 

RF mtry 1 253 1 

NNET size 1 50 5 

decay 0 1 0.05 

SVMRADIAL C 0 1 0.25 

sigma 0.5 2 0.5 

CUBIST committees 1 100 5 

neighbors 1 8 1 
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Supplementary table 3: Site and collection details for herbivore faecal samples. Total n=989 
faecal samples.  
 

 
  

 
Country 

 
Wildlife area 

 
Lat 

 
Lon 

 
n 

Anthropogenic 
mineral lick 

provision 
 

 
Source 

 
 

Kenya 

Laikipia 0.3 36.9 146 No Unpublished data from 
D. Augustine 

Mt Kenya 
 

-0.2 37.2 15 No Mahney and Hancock 
(1990) 

 
 
 
 
 
 
 
 
 
 
 

South Africa 

andBeyond Phinda 
Private Game Reserve 

-27.8 32.4 53 No This study 

Balule Private Game 
Reserve 

-24.4 
 

30.9 29 No This study 

Hluhluwe – Imfolozi 
Game Reserve 

-28.1 32.1 75 No Unpublished data from 
E. le Roux 

Kariega -33.6 26.6 60 No This study 
 

Kruger National Park -22.7 31.0 
 

10 No Macandza et al. (2014) 

Kruger National Park -24.5 31.5 53 No Yoganand and Owen-
Smith (2014) 

Manyeleti Nature 
Reserve 

-24.6 
 

31.5 108 No This study 

Nylsvley Nature 
Reserve 

-24.7 28.7 2 Unknown Dörgeloh et al. (1998) 
 

Percy Fyfe Nature 
Reserve 

-24.0 19.2 1 Unknown Dörgeloh et al. (1998) 
 

Samara Private Game 
Reserve 

-32.5 24.9 39 No This study 

Sibuya Private Game 
Reserve 

-33.6 26.7 59 No This study 

Skuinsdraai -24.8 29.36 1 
 

Unknown Dörgeloh et al. (1998) 
 

Thanda Private Game 
Reserve 

-27.7 32.0 67 No This study 

Tswalu Kalahari 
Private Game Reserve 

-27.2 22.3 135 Yes This study 

Zimbabwe Hwange National Park -18.8 26.8 136 No Holdo et al. (2002) 
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Supplementary table 4: Summary of the spatial and temporal distribution of census data 
collated for this study, and the number of herbivore species represented in each protected 
area.  
 

Region and country Protected area Year range No. of 
censuses 

No. of 
species 

     

Southern Africa     
     

    Botswana Chobe 2006 1 18 
 Makgadigadi 1996 – 2006 7 15 
 Moremi 2006 1 14 
    Namibia Caprivi 1994 1 13 
 Etosha 1984* 2 11 
 Kaudom 1988 1 9 
    South Africa Hluhluwe iMfolozi 2000 – 2012 7 10 
 Kruger 1964 – 2011 3 22 
 Marakele 2011 1 15 
    Zambia Kafue 1995 – 2011 10 21 
 Luambe 2009 1 13 
 North Luangwa 1995 – 2009 2 16 
 South Luangwa 1994 – 2009 2 19 
    Zimbabwe Hwange 1999 – 2005 7 12 
     
East Africa      
     

    Democratic Republic of Congo Garamba 1960 – 1995 5 14 
    Kenya Tsavo 1971 1 13 
    Tanzania Loliondo 1967 1 9 
 Mikumi 2018 1 10 
 Ruaha 1973 1 8 
 Selous 2018 1 16 
 Serengeti 1958 – 1972 4 14 
 Tarangire 2016 1 18 
     
West Africa     
     

    Benin Pendjari 1979 – 2015 5 12 
    Benin-Burkina Faso-Niger W 2015 1 7 
    Burkina Faso Arly 1973 – 2015 2 12 
 Deux Bale 1974* 1 12 
 Nazinga 2001 – 2010 2 7 
    Cameroon Bouba Njida 1975 – 2008 2 16 
 Waza 1994 1 6 
    Chad Zakouma 1986 – 2011 6 15 
    Ivory Coast Comoe 1968 – 1998 6 14 
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Supplementary figure 1. Spatial mapping of sodium aerosol deposition modelled across sub-Saharan Africa as the mean of 10 separate aerosol 
models within the AeroCom database (https://aerocom.met.no/Welcome.html). Inset graphs compare annual and monthly wet deposition of 
sodium at 11 International Network to study Deposition and Atmospheric chemistry in Africa (INDAAF) sites (https://indaaf.obs-mip.fr/network/) 
distributed across sub-Saharan Africa 
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Supplementary figure 2. Spatial mapping of predictor variables used to model foliar Na concentration across sub-Saharan Africa. Note: scales 
with * have been log10 transformed to better highlight regional differences.  
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Supplementary figure 3. Workflow to perform buffered leave-one-out cross validation (BLOOCV) for foliar Na concentration prediction 
models. For the K-means clustering, 7 clusters were chosen based on the elbow method.   
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Supplementary figure 4. A) Buffered leave-one-out cross validation for foliar Na concentration prediction models. The black circles above the 
graph represent the average number of training points removed from within the buffer. CUBIST = cubist model; GBM = Gradient boosted model; 
NNET = neural network model; RF = random forest model; SVM = support vector machine model. B) Spatial mapping of distance to the nearest 
training point across sub-Saharan Africa. Contour lines represent 300km intervals.   
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Supplementary figure 5. Variable importance plots for gradient boosted (GBM), random forest (RF), neural network (NNET) and cubist (CUBIST) 
models using all available data. Variable codes are found in supplementary table 1. Note there is no variable importance plot for the support 
vector machine (SVM) model as the ‘caret’ package does not support this function.  
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Supplementary figure 6. Partial dependence plots for the full gradient boosted (GBM), random forest (RF), neural network (NNET), support 
vector machine (SVM), cubist (CUBIST) and ensemble models generated in this study. The relationship between foliar sodium concentration and 
each variable in the ensemble model is highlighted within the blue box.   
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Supplementary figure 7. Relationship between modelled median foliar sodium concentration and empirically measured large mammal herbivore 
faecal sodium concentration for A) grazers, B) mixed feeders in the wet season, C) mixed feeders in the dry season and D) browsers. Coloured 
lines represents a generalised least squares (GLS) fit across that genera. G = grazer, MF = mixed feeder, B = browser based on classification of 
Hempson et al. (2015).   
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Supplementary figure 8. A) Correlation matrix between numerical covariates included in generalised additive models (GAMs) and B) the location 
of 31 wildlife areas included in GAM models.  
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Supplementary figure 9. Partial dependence plots from general additive models (GAMs) predicting ln metabolic herbivore biomass for large-
bodied (>10kg) grazers, mixed feeders and browsers across southern and eastern Africa. This model includes similar predictors as those 
undertaken by Coe et al. (1976), Bell (1982), East (1984) and Fritz and Duncan (1997).  
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Supplementary figure  10. Two-dimensional partial dependence plots from general additive models (GAMs) predicting log metabolic herbivore 
biomass (kg) for large-bodied (>10kg)  for grazers, mixed feeders and browsers across sub-Saharan Africa. 
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APPENDIX C: BUSHMEAT HUNTING SIGNIFICANTLY REDUCES TRANSPORT OF KEY NUTRIENT 

BY LARGE VERTEBRATES IN LOWLAND AMAZONIA – SUPPLEMENTARY INFORMATION 

 

APPENDIX C – SUPPLEMENTARY TEXT 

Supplementary text 1: Cross-system biotic phosphorus transport in an agent-based model 

 

Individual-Based Model (IBM) Agents 

 

We include 14 species of large mammalian vertebrates >3kg in our IBM. Table 3.3.1 provides 

details of which species are present in our study site and their specific trait values. Note, we 

removed the two toed sloth (Choloepus didactylus) from our analysis, because whilst this species 

is >3kg, it displays characteristics that make its contributions to nutrient dispersal minimal (e.g. 

low metabolic rate and dispersal; Vendl et al., 2016). Below we explain key functional traits 

calculated for each individual in our model, which are important for modelling biotic nutrient 

dispersal: 

 

§ Body mass (BM) – adult body mass values for each species were taken from Elton 

Traits v1.0 (Wilman et al., 2014). Whilst immature, an individual body mass increases 

from their birth timestep (at which point they have 5% of their adult body mass) with 

an inverse relationship (Sibly et al., 2014) to their maturity timestep. After maturity, 

an individual’s body mass remains constant. The inverse relationship is defined using 

a Bertalanffy growth function (Sibly et al., 2014), which integrates length of time to 

maturity, neonate body mass and adult body mass.  

 

§ Metabolic rate (MR) – metabolic rate in grams dry matter eaten per time step (t) was 

calculated based on the individual’s body mass (BM) using supplementary equation 2 

based on the allometric relationship in Wolf et al. (2013):  

 

!"#$%&'()_+$#"	(.	/!	#01) = 4.461∗89:.;<=∗1444
>

    (SI Eq 2) 
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§ Maturity age and longevity – the length of time for an animal to reach maturity was 

based on the age to maturity for females for that species in the AnAge database 

(https://genomics.senescence.info/species/). The longevity of an animal is also based 

on the longevity of that species in AnAge. For many species, however, the age to death 

is reported for captive animals. Therefore, if the reported age was for a captive 

individual, we multiplied this value by 0.7 as mammals in the wild generally live 

shorter lives (Tidière et al., 2016).  

 

§ Step length – the average distance moved per time step (t) was calculated using the 

allometric relationship in Wolf et al. (2013):  

 

?#"@_'"A.#ℎ	(100E	#01) = 	 4.>FG∗89
:.H=I

4.1∗>
      (SI Eq 3) 

 

§ Gut passage time – large vertebrates primarily excrete P in their faeces (Sitters et al., 

2017). Therefore, the distance P is transported by mammal herbivores is related to 

the time ingested minerals take to pass through the gastro-intestinal tract. However, 

gut passage time poorly scales with body mass in mammals (Steur et al., 2011; 

Abraham et al., 2020). We therefore calculated species-specific gut passage time (hrs) 

using the quantitative framework of Abraham et al. (2020). Specifically, we used a 

random forest predicative model trained on a large dataset of mammal mean gut 

passage time for particle markers and associated traits (total n = 207 species). Of the 

13 mammal genera included in our IBM model, 7 (54%) were represented in this 

database. Appendix C - supplementary figure 3 shows the close relationship between 

predicted and measured gut passage time for these 7 mammal genera using this 

model.   
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§ Body P content – for vertebrates, most body P is stored in the skeleton (Suttle, 2010). 

We estimate the mass of each individual’s skeleton P store based the allometric 

supplementary equation 4 taken from Prange et al. (1979) multiplied by C, the mean 

dry bone concentration of 12.30% P recorded from the National Institute of Standards 

and Technology bone meal standard (https://www-s.nist.gov/srmors/ 

view_detail.cfm?srm=1486; accessed September 2020): 

 

?J"'"#&A_K	(.) = 0.064 ∗ N!1.4O ∗ P ∗ 1000   (SI Eq 4) 

 

Non-skeletal reserves of P were estimated based on the remaining body mass 

multiplied by 0.0041, the fraction of non-skeletal tissue P concentration estimated by 

McCullough and Ullrey (1983). Finally, for mature individuals we also model a 

reproductive store of P equal to 5% of the adult body P store for that species.  

 

§ Habitat strata – the habitat strata preference for each species (terrestrial/arboreal) 

was defined using Elton Traits v1.0 (Wilman et al., 2014). Scansorial animals were 

considered to be terrestrial in our model.  

 

§ Population density – the population density of tropical forest mammals can be 

difficult to estimate, especially for those species that are nocturnal and arboreal 

(Bogoni et al., 2020). We estimated the population density for each species included 

in our model under low-hunting and high-hunting scenarios based on line-transect 

data under taken in the Medio Juruá region (Carlos Peres, personal communication). 

We initialised the model to include the correct number of individuals per species 

scaled by the unit area of our model transect. To maintain a constant population 

density, at the time of an individual’s death, another individual of the same species is 

born with a body mass equal to 5% of the adult mass in that patch.  
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We initialise our model by creating the number of individuals needed within our modelled 

landscape based on the population density per unit area estimates in table 3.3.1. Individuals are 

placed randomly throughout the landscape. The above traits for each individual are then 

calculated based on that individual’s species and age.  

 

Individual-Based Model (IBM) Running Procedures 

 

We run our model at a 6 hour timestep. Within each timestep we apply a number of functions to 

each individual grid cell and animal. Based on the Netlogo programme functionality, the order 

with which this set of functions is performed on each grid cell and animal is randomly assigned 

for each timestep. Below we explain key functions that allow us to model biotic dispersal of P by 

animals:  

 

§ Abiotic P input – based on the user-defined value of G (g P ha-1 yr-1), the total stock of 

vegetation P is increased each time step using supplementary equation 5. The 

proportion of G entering the vegetation stock is set to 1% based on the proportion of 

liable P that is stored in foliage (Doughty et al., 2013):  

 

Q&#$'_K_R#&)J(S,UV1) = Q&#$'_K_R#&)J(S,U) +
X∗4.41
GYF∗>

    (SI Eq 5) 

 

§ Animal death – if the age of an individual is greater than the average age of death for 

that species, the individual dies. To maintain a constant population density, another 

individual of that species is immediately born with 5% of the adult’s body mass. The 

reproductive P store is given to this offspring (see eating procedure below). The non-

skeleton stock of P in the dead animal’s body is immediately added to the vegetation 

P stock of the grid cell the animal is in. In tropical forest ecosystems, the high density 

of scavengers recycle carcass flesh rapidly (Jirón et al., 1981). The skeleton P stock, 

however, is added to a constantly updated bone P stock in that grid cell. Nutrient 

release from skeletons occurs on a timescale of years to decades depending upon the 
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size of bone and ambient environmental conditions (Coe et al., 1978; Carter et al., 

2007; Subalusky et al., 2020). Consequently, we allow the bone P stock to slowly 

release into the environment, whereby 20% of the bone stock is released per year.  

 

§ Animal eating – based on the body mass of an individual, the individual eats a mass 

of dry matter each timestep calculated using Appendix C - supplementary equation 2. 

The individual ingests an amount of P based on this mass of dry matter consumed 

multiplied by the foliar P concentration in the grid cell within which the animal is 

located:  

 

K_"$#"A = !"#$%&'()_+$#" ∗ Z&'($+_K_)&A)"A#+$#(&A			(SI Eq 6) 

 
We assume that the total mass of foliage remains constant based on a fixed LAI of 4 

and LMA of 100 g m-2 (Doughty et al., 2013). However, the P that is ingested by an 

individual is removed from the vegetation P stock:  

 

Q&#$'_K_R#&)J(S,UV1) = Q&#$'_K_R#&)J(S,U) − 	K_"$#"A   (SI Eq 7)  

Animals cannot assimilate all nutrients from their food (Suttle, 2010). Therefore, only 

a fraction (e) of the P ingested can be incorporated into the body. We set this as 0.5 

based on the assimilation of dry matter by endotherm herbivores in Harfoot et al. 

(2014). In reality, the assimilation rate of P is more complicated than this and varies 

by species, P requirement and body size (Doughty et al., 2013; Böswald et al., 2018; 

see supplementary material from Abraham et al., 2021 for a discussion on these 

factors).  

For each species, we know the total adult body P, which we have calculated using 

Appendix C - supplementary equation 4. If the body P of an individual is less than body 

P value of an adult for that species, we add the assimilated fraction (1-e) of P to the 

body stock. The remaining fraction is excreted (see below). In this way, as an individual 
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grows to maturity, it accumulates its body P from across the area over which it feeds. 

Once an individual has accumulated its maximum body P mass, it also accumulates a 

reproductive store, equal to 5% of the maximum adult P mass. This P is transferred to 

the offspring when the individual dies. After the point at which an animal has 

accumulated both its own maximum body P and a reproductive store, it reaches a 

point of homeostasis, whereby all P ingested is excreted. Therefore, whilst there is 

uncertainty for the assimilation rate of P dependent upon species, P requirement and 

body size (Doughty et al., 2013), over the course of an individual’s lifetime, the fate of 

P is to either enter a body stock or be excreted (whether as unassimilated P in the 

faeces or as the end products of metabolism in the faeces and urine). As all animals in 

our simulations ultimately reach their maximum body P, the specific value for e 

therefore only impacts the time it takes for animals to reach adult body P and does 

not influence the magnitude of P input to grid cells from excreta and bodies.  

§ Animal movement – we model animal movement using an average step distance for 

each timestep based on the allometric relationship in supplementary equation 3. Prior 

mammalian nutrient diffusivity models characterise animal movement as diffuse 

Brownian motion (Wolf et al., 2013; Doughty et al., 2013). However, this is a poor 

assumption over timescales < 1000 years, when animals are known to use migration 

routes, local direction bias and specific habitats (Codling et al., 2008; Fagan et al., 

2013). We therefore model three types of movement:  

 

o Brownian walk (BW): We first model simple Brownian motion, whereby in 

each timestep an animal turns to a random direction and moves forward by its 

mass-specific step length. This approach is the same to that taken by Wolf et 

al. (2013) and Doughty et al. (2013).   

 

o Correlated random walk (CRW): Next, we model a correlated random walk 

where animals move erratically towards a specific direction (Auger-Méthé et 

al., 2015). However, over time, this initial direction in motion progress 
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diminishes into a random walk. As most animals have a tendency to move in a 

“persistent” direction, this walk model has been commonly used in various 

ecological contexts including in the modelling of seed movement by large 

mammals (Codling et al., 2008; Pires et al., 2018). For this walk, we also draw 

the step distance in each timestep from an exponential distribution. This 

replicates the inconsistent nature of animal movement, whereby animals may 

stay in one location for some time before quickly moving a large distance to a 

new location (Kernohan et al., 2001). We draw the direction change at each 

timestep from a normal distribution between -30 to 30o of the current 

heading.  

 

o Selective P grazing (PS): If nutritionally stressed, animals selectively consume 

forage with higher nutrient content (Suttle, 2010; Sach et al., 2019). In the case 

of our study site, animals have been recorded moving into the fertile, high-P 

várzea environments to access nutritious food (Stevenson and Guzmán-Caro, 

2010; Costa et al., 2018). We therefore take into account the quality of forage 

for animal movement patterns. First, we record the intake history over the 

previous 14 days using a threshold value of 1 mg g-1 (Suttle, 2010; Pretorius 

2012). If the foliar P concentration of the grid cell is greater than this threshold 

in at least 50% of the last 14 days, we consider the animal to have been 

nutritionally satisfied and it will move with a random walk (BW or CRW). 

However, if the animal is nutritionally stressed (i.e. the foliar P concentration 

of grid cells eaten from have been less than the threshold in 50% of the last 14 

days) the animal actively seeks out grid cells with higher P. For this we allow 

the search radius to be 150% of the average step length. To prevent all animals 

flocking to the same grid cells, for each individual we randomly select a grid 

cell which is within their search radius with the highest 30% of foliar P 

concentration. Additionally, we set a maximum number of animals on any 

single grid cell as 10.   
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Using the above movement walks, individuals can move throughout our modelled 

landscape with low-high levels of intelligence (purpose and/or ‘awareness’ of the 

nutritional environment). Importantly, we also model differences between how 

terrestrial and arboreal animals can use space. For 6 months of the year, the várzea is 

completely flooded and terrestrial animals cannot access this ecotone (see 

supplementary figure 4). However, arboreal animals can and do continue to make 

excursions (Stevenson and Guzmán-Caro, 2010). Therefore, we track the month and 

only allow terrestrial animals access to várzea grid cells for 6 months of each year.  

 

§ Animal defecation – for each animal, we create a list that is the rounded length of 

timesteps equal to the length of that species gut passage time (see supplementary 

table 1). Whilst this causes gut time to be imperfectly captured, it does provide an 

approximation to within 3 hours, which is well within the error uncertainty of 

predicting gut passage time in mammals (e.g. Clauss et al., 2007; Abraham et al., 

2020). In each timestep we add the fraction of P not assimilated in that timestep into 

the body or reproductive stock (1- e) to the beginning of the list to be excreted. We 

then add the last value in the list to the vegetation P stock in that cell:  

 

Q&#$'_K_R#&)J(S,UV1) = Q&#$'_K_R#&)J(S,U) + 	K_"\)+"#$   (SI Eq 8)  

 

This means that if an individual has eaten in an environment with high foliar P 

concentration, the excreta will be elevated in this element, which has been shown to 

occur across a large range of large mammal herbivores (R2 = 0.40-0.76; Böswald et al., 

2019).  

 
§ Animal ageing – At the end of each timestep, each animal ages by 6 hours. Based on 

the new age, we recalculate body mass using a Bertalanffy growth function (Sibly et 

al., 2014). We then recalculate a new metabolic rate and step length using the 

allometric equations from supplementary equations 2 and 3.   
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§ P leaching – We calculate the loss of P during each timestep due to leaching 

processes (Buendía et al., 2010) using a user-defined K value: 

 

Q&#$'_K_R#&)J(S,UV1) = Q&#$'_K_R#&)J(S,U) − (] ∗ Q&#$'_K_R#&)J(S,U))   (SI Eq 9)  

 

§ Foliar P recalculation – Following all gains and loss of P in each grid cell, we recalculate 

the new foliar P concentration rate:  

 

Z&'($+_K(S,UV1) =
^_U`a_b_cU_de(f,g)
>∗144∗144∗144

   (SI Eq 9)  
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Supplementary text 2: Empirical validation of the ABM 

There is a paucity of datasets empirically measuring P movement by wild large vertebrates from 

nutrient-rich várzea to nutrient-poor terra firme environments in lowland Amazonia. In fact, to 

the best of our knowledge, there exists just one study site at Tinigua Park, Columbia, which has 

empirically assessed this flux (Stevenson and Guzman-Caro, 2010). Here, a number of studies 

have collectively calculated the density, daily movement patterns and dispersal of seeds and 

nutrients by groups of woolly monkeys (Lagothrix lagothricha lugens) (Stevenson, 2000; 

Stevenson 2006; Stevenson 2007; Stevenson and Guzman-Caro, 2010). In this site, net input of P 

via the transport of undigested seeds in the faeces of woolly monkeys has been found to be 

between 1-4 g P ha-1 yr-1 based on two extensive field campaigns in 1996 and 2000 that surveyed 

the movement of individual woolly monkeys and collected faecal and fruit samples. Seeds 

concentrate P in the form of phosphoric acid and are therefore believed to be the primary 

components of P transport (Stevenson and Guzman-Caro, 2010).  

We therefore ran our model with just the inclusion of woolly monkeys to assess if the fluxes 

arising from our model and this empirical dataset were comparable. We set the density of 

monkeys to 45 individuals km-2 based on density estimates in this site from Stevenson and 

Guzman-Caro (2010), and modified the daily movement distance to 2000 m day-1 based on 

extensively logged data for woolly monkeys within this study site by Stevenson (2006). We 

modelled a 200 ha simulation, which represents the home range for one group of woolly 

monkeys, within which 20% was delineated as várzea, based on woolly monkey habitat use from 

Stevenson (2006). To estimate net P input into terra firme environments, we ran an ensemble of 

three 100 year simulations for each movement strategy (BW, CRW, BW+PS, CRW+PS). In each 1 

ha grid cell, we calculated total consumption of P, as well as P inputs via faeces and body 

pathways. To ensure we only estimated allochthonous faecal P with a várzea origin, we held the 

terra firme vegetation P concentration constant at 0.55 mg g-1. After 100 years, we calculated the 

difference between P consumption and faecal P addition by woolly monkeys in each terra firme 

grid cell for each simulation: We then calculated the mean net P input across all terra firme cells 

for each ensemble of different movement strategy simulations.  
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Mean net P input into terra firme region of the woolly monkey’s home range via the modelled 

faecal pathway was consistently between 1.2-1.4 g P ha-1 yr-1 across all movement strategies. This 

is within the range estimated empirically by Stevenson and Guzman-Caro (2010). Whilst, this 

comparison is imperfect – for example, the empirical measurements only calculate P input via 

undigested seeds and not total faecal content, whereas our model assumes consumption only 

from leaves and does not represent P-elevated fruits – it does broadly indicate that our modelled 

faecal transport of P is within the correct order of magnitude and thus offers limited confidence. 
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APPENDIX C – SUPPLEMENTARY TABLES 

Supplementary table 1. Simulation parameters used to model nutrient transport by large-

vertebrate mammals in a 25km terra firme transect positioned perpendicular to a 5km-wide 

section of várzea (see supplementary figure 1). The modelled transect was 300m wide. 

Vegetation stocks were initialised with 0.55 mg P g-1 DM in terra firme cells and 2 mg P g-1 DM in 

várzea cells. BW = Brownian walk, CRW = correlated random walk and PS = phosphorus selection. 

For the first 5000 years of the model, animal density was set with a low hunting scenario to 

generate quasi-steady state nutrient patterns. For the last 2000 years, the animal density was 

decreased to values in a high hunting scenario (see table 1 for species-specific animal densities).      
 

Simulation 

ID 

G 

(g ha-1 yr-1) 

K 

(unitless) 

Walk type Simulation 

length (years) 

Replicates 

1 1 0.0004545 BW 1000 1 

2 1 0.0004545 CRW 1000 1 

3 1 0.0004545 BW + PS 1000 1 

4 1 0.0004545 CRW + PS 1000 1 

5 3 0.0013636 BW 1000 1 

6 3 0.0013636 CRW 1000 1 

7 3 0.0013636 BW + PS 1000 1 

8 3 0.0013636 CRW + PS 1000 1 

9 5 0.0022727 BW 1000 1 

10 5 0.0022727 CRW 1000 1 

11 5 0.0022727 BW + PS 1000 1 

12 5 0.0022727 CRW + PS 1000 1 
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APPENDIX C – SUPPLEMENTARY FIGURES  

 

 

Supplementary figure 1. Schematic of nutrient transport from nutrient-rich varzea habitats to 

nutrient-poor terra firme landscapes by large-vertebrate mammal in the Juruá study region for 

A) high animal density and B) low-animal density scenarios. The size and direction of red arrows 

indicates the magnitude and direction of net nutrient movement by animals. Blue arrows indicate 

nutrients loss via leaching. The red bar beneath each plot indicates the nutrient concentration of 

the vegetation from high (red) to low (white).  
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Supplementary figure 2. Schematic of the modelled 25km transect angled perpendicular to the várzea. Vegetation stocks were 
initialised with 0.55 mg P g-1 DM in terra firme cells and 2 mg P g-1 DM in várzea cells. Each cell is 1ha (100 x 100m). Terrestrial animals 
can access the várzea for 6 months per year. Arboreal animals  can access the várzea all year.  
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Supplementary figure 3. Relationship between predicted and empirical gut passage time using 
the methodology and dataset of Abraham et al. (2020). 
 

 
 
Supplementary figure 4. Annual time series of river discharge at the Gaviao water station located 
on the Rio Juruá calculated daily over a 38-year period between 1973-2010. Blue shading denotes 
the 5th and 95th percentile.  
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Supplementary figure 5. : Patterns of foliar phosphorus (P) concentration in the Medio Juruá 
region. All measurements were categorised as várzea or terra firme based on inundation maps 
of Hawes et al. (2012). Várzea measurements were grouped by genera and total community 
based on inundation period. Terra firme measurements were grouped by genera and total 
community into 250m distance bins based on distance from the várzea-terra firme boundary. The 
black line represents mean community foliar P concentration. Coloured lines represent species-
specific foliar P concentration. Additional samples were collected 14.3km from the várzea-terra 
firme boundary with a mean value of 0.74 mg P g-1.  Dashed line extends empirical measurements 
by fitting an exponential decay based on equation 3.3.3. Dot-dash lines represent 25% 
uncertainty in this fit.  
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Supplementary figure 6. Net annual P input by large vertebrates >3kg (black line) with distance from várzea calculated as the mean 
over a 1000 year period once the model had reached quasi-steady state. Plots represent outputs from model scenarios outlined in 
supplementary table 1. Background colour denotes percentage contribution by different animal functional groups (arboreal vs 
terrestrial) and nutrient pathways (carcass vs excreta). Note the figure relating to simulation 6 in supplementary table 1 is missing due 
to a corrupted file.  
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Supplementary figure 7. . Total annual P input by large vertebrate species with distance from várzea calculated as the mean over a 
1000 year period once the model had reached quasi-steady state. Plots represent outputs from model scenarios outlined in 
supplementary table 1. Note the figure relating to simulation 6 in supplementary table 1 is missing due to a corrupted file.  
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Supplementary figure 8. Relationship of body mass (BM) and species-specific P input via faecal 
(triangle) and carcass (circle) pathways as a % of total biotic P input by large vertebrates 
calculated across all terra firme cells over a 1000 year period once the model had reached quasi-
steady state. Plots represent outputs from model scenarios outlined in supplementary table 1. 
The black lines represents a generalised least squares (GLS) fit across all taxa. Grey lines represent 
a GLS fit for all taxa, but with the lowland tapir (tapirus terrestris) excluded. Solid lines represent 
faecal and dashed lines represent carcass pathways.   
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Supplementary figure 9. Diffusion of P into terra firme forests by large vertebrates. Plot shows 
vegetation P concentrations through time for model simulations initialised with foliar P 
concentration in várzea grid cells of 2 mg P g-1 and in terra firme grid cells of 0.55 mg P g-1. Plots 
represent outputs from model scenarios outlined in supplementary table 1. For the first 5000 
years, animal population density is defined using low-hunting estimates (table 1). For the final 
2000 years, animal population density is reduced to densities in a high-hunting scenario (table 
1). 
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APPENDIX D: LARGE PREDATORS CAN MITIGATE NUTRIENT LOSSES ASSOCIATED WITH OFF-

SITE REMOVAL OF ANIMALS FROM A WILDLIFE RESERVE – SUPPLEMENTARY INFORMATION 

APPENDIX D – SUPPLEMENTARY TEXT 

Supplementary text 1: Allometric scaling of skeleton mass 

 
 
The estimates provided in our study are a first approximation of nutrient loss due to large 

vertebrate removal from wildlife reserves and can be improved with future research. In 

particular, we rely upon the allometric scaling of dry skeleton mass by Prange et al. (1979). This 

study has been highly cited; however, it relies upon a relatively small number of measurements. 

Furthermore, the observations in that study are strongly weighted to small animals, with just two 

measurements (Homo sapiens and Loxodonta africana) greater than 25kg. To test the case that 

skeleton allometry does not scale positively (i.e. the scaling exponent is not >1), we also 

calculated a conservative estimate of OWR using a modified version of Prange et al. (1979) where 

skeleton dry mass equals 0.061*M1.00 (or 6.1% of live body mass; supplementary table 1). In this 

case, the impact of anthropogenic activities on the P and Ca budget of TKR still causes a net deficit 

equal to 7.2 and 16.4 kg km-2 over the period 2009-2018 for P and Ca respectively; a value large 

enough to warrant further attention.   

 

We suggest that further research is needed to confirm the positive scaling allometry provided by 

Prange et al. (1979). This analysis should include many more species >25kg, for which dry 

skeleton mass should be relatively easily measured (e.g. from domestic and regularly hunted 

animals). Further, statistical analyses should consider the phylogenetic relatedness of species 

included in the expanded dataset, which can have a significant impact on the derived 

relationships (for example, see figure 3 in Clauss et al., 2014)  
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Supplementary text 2: Species-specific faecal nutrient threshold 

 

We postulate that our observed patterns in faecal P concentration decreasing with body mass 

may be at least in part driven by diet quality scaling with body mass, in conjunction with nutrient 

assimilation strategies via differing fermentation types (ruminant vs hindgut fermenter). For 

example, a less digestible diet will lead to higher faecal fibre concentrations, which will act as 

dilutants to concentrations of other faecal components such as P (Clauss et al., 2007). In a meta-

study examining the relationship between diet quality and body size, which is primarily based on 

studies on African savannah herbivores, Clauss et al. (2013) demonstrate that as body size 

increases, crude and neutral detergent fibre in herbivore faeces also increases (Clauss et al., 

2013, figures 2 and 3). This suggests that using a consistent concentration threshold for faecal P 

across species may overlook important differences in diet, gut physiology and nutrient 

assimilation strategies. We suggest that significantly more work must go into assessing faecal 

nutrient thresholds before they can be applied across species. This includes long-term species-

specific monitoring of individuals fed varying P-concentration diets and the assessment of their 

faecal nutrient concentrations and health.  
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APPENDIX D – SUPPLEMENTARY TABLES 

 

Supplementary table 1: Annual anthropogenic fluxes of P and Ca into and out of Tswalu Kalahari Reserve during the period 2009 – 
2018. Skeleton mass calculated using the allometric equation 0.0061*BM1.00 (or 6.1% of live animal body mass).  

 

 

Year Live animal biomass 
removed 

(kg km-2 yr-1) 

Dry skeleton 
biomass removed 

(kg km-2 yr-1) 

P export  
(kg km-2 yr-1) 

Mineral lick P 
input  

(kg km-2 yr-1) 

Difference 
(kg km-2 yr-1) 

Ca Export  
(kg km-2 yr-1) 

Mineral lick Ca 
input 

 (kg km-2 yr-1) 

Difference  
(kg km-2 yr-1) 

2009 245.7 
(208.9, 282.7) 

15.0 
(12.7, 17.2) 

1.8 
(1.5, 2.2) 

1.0 
(0.9, 1.1) 

-0.8 
(-1.3, -0.4) 

4.0 
(3.4, 4.6) 

2.1 
(1.8, 2.3) 

-1.9 
(-2.8, -1.1) 

2010 170.8 
(145.2, 196.4) 

10.4 
(8.9, 12.0) 

1.3 
(1.1, 1.5) 

1.0 
(0.9, 1.1) 

-0.3 
(-0.6, 0.0) 

2.8 
(2.3, 3.2) 

2.1 
(1.8, 2.3) 

-0.7 
(-1.4, 0.0) 

2011 151.3 
(128.6, 174.0) 

9.2 
(7.8, 10.6) 

1.1 
(1.0, 1.3) 

1.0 
(0.9, 1.1) 

-0.1 
(-0.4, 0.1) 

2.5 
(2.1, 2.8) 

2.1 
(1.8, 2.3) 

-0.4 
(-1.0, 0.2) 

2012 129.2 
(109.8, 148.6) 

7.9 
(6.7, 9.1) 

1.0 
(0.8, 1.1) 

1.0 
(0.9, 1.1) 

0.0 
(-0.2, 0.3) 

2.1 
(1.8, 2.4) 

2.1 
(1.8, 2.3) 

0.0 
(-0.6, 0.5) 

2013 158.7 
(134.9, 182.5) 

9.7 
(8.2, 11.1) 

1.2 
(1.0, 1.4) 

1.0 
(0.9, 1.1) 

-0.2 
(-0.5, 0.1) 

2.6 
(2.2, 3.0) 

2.1 
(1.8, 2.3) 

-0.5 
(-1.2, 0.1) 

2014 190.7 
(162.1, 219.3) 

11.6 
(9.9, 13.4) 

1.4 
(1.2, 1.7) 

1.0 
(0.9, 1.1) 

-0.4 
(-0.8, -0.1) 

3.1 
(2.6, 3.6) 

2.1 
(1.8, 2.3) 

-1.0 
(-1.8, -0.3) 

2015 202.0 
(171.7, 232.3) 

12.3 
(10.5, 14.2) 

1.5 
(1.3, 1.8) 

1.0 
(0.9, 1.1) 

-0.5 
(-0.9, -0.2) 

3.3 
(2.8, 3.8) 

2.1 
(1.8, 2.3) 

-1.2 
(-2.0, -0.5) 

2016 394.1 
(335.0, 453.2) 

24.0 
(20.4, 27.6) 

3.0 
(2.5, 3.5) 

1.0 
(0.9, 1.1) 

-2.0 
(-2.6, -1.4) 

6.4 
(5.4, 7.4) 

2.1 
(1.8, 2.3) 

-4.3 
(-5.6, -3.1) 

2017 194.9 
(165.7, 224.1) 

11.9 
(10.1, 13.7) 

1.5 
(1.2, 1.7) 

1.0 
(0.9, 1.1) 

-0.5 
(-0.8, -0.1) 

3.2 
(2.7, 3.7) 

2.1 
(1.8, 2.3) 

-1.1 
(-1.9, -0.4) 

2018 457.7 
(389.1, 526.4) 

27.9 
(23.7, 32.1) 

3.4 
(2.9, 4.0) 

1.0 
(0.9, 1.1) 

-2.4 
(-3.1, -1.8) 

7.4 
(6.3, 8.6) 

2.1 
(1.8, 2.3) 

-5.3 
(-6.8, -4.0) 

 

Decade 

Total 

 

2295.2 

(1950.9, 2639.5) 

 

140.0 

(119.0, 161.0) 

 

17.2 

(14.5, 20.2) 

 

10.0 

(9.0, 11.0) 

 

-7.2 

(-11.2, -3.5) 

 

37.4 

(31.6, 43.1) 

 

21.0 

(18.0, 23.0) 

 

 

-16.4 

(-25.1, -8.6) 
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Supplementary table 2: Estimated annual large vertebrate kills by lion (Panthera leo) in the Lekgaba section of Tswalu Kalahari Reserve 
using the lion kill model of Hayward and Kerley (2005). Jacobs index represents lion prey preference from table 3 of Hayward and 
Kerley (2005), Ni and Pi are the average total number and proportion of prey species i calculated from annual aerial surveys over 
Lekgaba between 2012-2017. Ri is the predicted number of kills for species i using an observed annual kill value of 146 based on 1 
observed kill/pride every 5 days. Individual body mass is calculated from Hempson et al. (2015) and skeleton dry mass using the 
allometric scaling equation from Prange et al. (1979) of 0.064*M1.09. The total skeleton mass of large vertebrates killed annually by 
lions in Lekgaba is 4740 kg yr-1 (or 23.7 kg km-2 yr-1).     
 

Species Jacobs 
index 

 

Ni Pi Ri Individual body 
mass (kg) 

Individual skeleton dry mass 
(kg) 

Total species skeleton 
dry mass (kg) 

Black rhino -1.00 9.0 0.00 0.00 999.9 119.2 0.00 
Blue wildebeest 0.27 182.3 0.09 22.46 220.1 22.9 514.13 
Chacma baboon -0.89 1.7 0.00 0.01 30.0 2.6 0.02 

Duiker -0.83 82.2 0.04 0.60 16.9 1.4 0.84 
Eland 0.18 95.3 0.05 10.17 511.2 57.4 583.44 

Gemsbok 0.70 498.0 0.26 96.92 203.7 21.0 2038.91 
Giraffe 0.24 18.8 0.01 2.31 1117.5 134.5 311.25 

Hartebeest 0.02 247.3 0.13 19.40 150.3 15.1 293.04 
Impala -0.73 98.2 0.05 1.21 49.1 4.5 5.41 

Klipspringer -0.96 1.7 0.00 0.00 11.5 0.9 0.00 
Kudu 0.13 34.5 0.02 3.38 202.3 20.9 70.51 

Mtn reedbuck -0.57 1.5 0.00 0.03 29.1 2.5 0.08 
Springbok -0.59 169.5 0.09 3.54 35.3 3.1 11.03 
Steenbok -0.86 126.0 0.07 0.76 11.2 0.9 0.68 
Warthog 0.11 22.5 0.01 2.12 75.9 7.2 15.20 

White rhino 0.27 22.0 0.01 0.00 2195.8 280.9 0.00 
Zebra (Burchells) 0.16 255.0 0.13 25.40 280.4 29.8 756.99 
Zebra (Mountain) 0.16 45.0 0.02 4.67 278.5 29.6 138.06 
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