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ABSTRACT 

Global biodiversity is threatened by the anthropogenic restructuring of animal 

communities, rewiring species interaction networks in real-time as individual species are 

extirpated or introduced. Biodiversity and functionality are not only declining, but 

human-induced hybridization of wildlife and the shuffling of biomes are also becoming 

more common as plants and animals are globally transient due to human facilitation. 

Conservation science and adaptive ecosystem management demand more rapid, 

quantitative, and non-invasive technologies for robustly capturing changing biodiversity, 

quantifying species interactions, and measuring ecosystem function to protect remaining 

systems.  

In this dissertation, I broadly ask the question: How do we measure the integration 

and impact of novel species interactions and the rewiring of food webs (ecological 

networks) in the Anthropocene? Using both non-invasive DNA metabarcoding of diet 

DNA (dDNA) and network theory, I first develop a molecular ecological network 

analysis (MENA) as an ecosystem assessment tool to address these needs and test it 

within a well-studied biological preserve (Jasper Ridge Biological Preserve, Stanford, 

CA). The network analysis revealed a significant prevalence of tri-trophic chain and 

exploitative competition patterns indicating (i) the removal or reintroduction of a top 

predator would trigger a trophic cascade within this community, directly affecting their 

prey and indirectly the plant communities, and (ii) the potential impact of indirect effects 

between two predators that consume the same prey. MENA more rapidly, accurately, and 

effectively captured the broader biodiversity of the area in comparison to other 

methodologies (camera trap and soil eDNA). MENA reconstructed and unveiled the 
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hidden complexity in trophic structure and interaction networks within the community, 

providing a promising toolkit for biodiversity and ecosystem management.  

The validated MENA methods were then applied to investigate the impact two 

African elephant species hybridizing, Forest (Loxodonta cyclotis) and Savanna elephant 

(L. africana), in a hybrid ecotone in Garamba National Park, Democratic Republic of 

Congo. Elephants are essential ecological engineers, creating and maintaining landscape 

structure and ecosystem function. The critically endangered forest elephant is currently 

recognized as a selective, non-destructive frugivorous browser that maintains forest 

diversity, while the endangered savanna elephant is a mixed feeder, often pushing over 

trees while maintaining grasslands. In Garamba, I measured how hybrid introgression 

may currently be shaping the ecology (diet selection and habitat use) and health of the 

individual elephant (gut endoparasites), while assessing a suite of demographic (age, 

sex), environmental (habitat type), and social (family vs bull groups) characteristics. 

Thirty percent of our sampled population were hybrids and 70% were forest 

elephants (L. cyclotis). Analysis of maternally inherited mtDNA clustered samples into 

two subclades within the Forest Clade and into one subclade within the Savanna Clade, 

with mtDNA ancestry independent of hybrid status. Our results indicate that elephant 

phylogeny influences helminth composition in adults and that the admixed genetics of the 

hybrid is associated with significantly reduced host-specific parasite infection. Younger 

elephants were more infected than adults. Because adult hybrids may be less negatively 

impacted by parasites then purebred elephants, selection could favor admixed individuals 

in this heterogeneous landscape.  
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Garamba forest elephants and hybrid elephants have very similar ecologies 

(dietary composition and habitat use), however, this population of elephants is unique in 

diet and habitat use compared to other typically frugivorous forest elephant populations, 

consuming mostly grass and spending half of their time in the grasslands. This elephant 

population is exhibiting behavioral plasticity and shifting their gardening efforts to a 

novel resource in the grasslands as opposed to their standard role in the forests, which is 

key to understanding their impact as ecosystem drivers within this landscape. By 

fulfilling an unoccupied niche, hybrids can potentially shift ecosystem functions (e.g., 

nutrient cycles, net primary production, patterns in vegetation composition and structure). 

In the savanna grasslands of GNP, extinct of savanna elephants and white rhino, this 

unique hybrid and forest elephant mixed population that varies greatly in diet and habitat 

use compared to other forest elephant populations, might be fulfilling this vacant niche, 

and maintaining ecosystem function. 

This research will hopefully equip conservation ecologists and managers with a 

powerful tool to measure biodiversity and species interactions to: assess the integration 

and impact of novel species in the ecosystem, unveil hidden multitrophic interactions and 

community structure, and identify key and vulnerable species within a terrestrial system. 

Only when we know what species are present and understand their function in the 

ecosystem, will we be equipped to protect and holistically manage these systems. The 

consequences of ecological network rewiring are drastic, and the current rapidity of 

changes to ecological networks makes it difficult to detect and respond. My future 

direction will use this research to monitor changes in ecological integrity and to improve 

the effects of rewilding on ecosystem functions and services.  
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GENERAL INTRODUCTION 

Human well-being is dependent upon the services provided by functioning 

ecosystems, which currently remain mostly in protected areas (PAs) (Gray et al., 2016). 

Effectively managed PAs are pivotal to conserving biodiversity, securing ecosystem 

services, and fostering sustainable rural economies. However, many PAs have been 

severely degraded through species loss, biological invasions, climate change, conflict, 

pollution, habitat conversion, and other anthropogenic impacts (Mascia and Pailler, 2011; 

Dirzo et al., 2014; Venter et al., 2016; Watson et al., 2016). This leads to the loss of 

complex species interactions (i.e., the foundation of ecosystems), ecosystem processes, 

and their resilience to perturbations and ultimately ecosystem functions (Borkar, 2006; 

Dirzo et al., 2014; Ceballos et al., 2015). Biodiversity and functionality are not only 

declining, but human-induced hybridization of wildlife and the shuffling of ecosystems 

are also becoming more common as species are becoming more globally transient due to 

human facilitation (Grabenstein and Taylor, 2018). This is the way of the future; and the 

question is: How will these emerging hybrids and habitats integrate, and will they rewire 

ecological networks? 

An ecological network describes interactions (i.e., trophic, competitive, 

symbiotic) among species within an ecosystem, aiding in our understanding of structure 

within communities (Moore et al., 2018). To comprehend how whole systems function, 

the topology, and assembly of ecological interactions are even more crucial to understand 

than just the species themselves (Jordan and Scheuring, 2004). These mutualistic (plant-

pollinator) or competitive (predator-prey, host-parasite) interactions are the basis for 

evolutionary and ecological principles. However, counting species rather than their 
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interactions is often the more accessible assessment, yet it is not nearly as informative 

(McCann 2007). With the advent of graph theory (mathematical structures used to model 

pairwise relations between objects (Dale and Fortin, 2010)), we are now able to interpret 

a large number of species interactions, to the point of predicting the behavior of 

ecological systems (Delmas et al., 2019), particularly during temporal perturbations and 

across communities comprised of different species. 

One of the significant ways in which ecosystem organization and its relationship 

with ecological stability have been studied is through trophic interactions and food webs 

(Elton 1927, Allesina, Bodini, & Pascual, 2009; Monteiro & Faria, 2016; Saint-Béat et 

al., 2015). Food webs inform community structure, species interactions, biodiversity, 

ecosystem productivity, and community stability (Saint-Béat et al., 2015). Understanding 

food web structures and the processes that drive them can reveal the strength of the 

broader ecosystem (Naiman et al., 2012) and are crucial in forecasting the effects of 

trophic downgrading (loss of upper trophic position consumers) on ecosystem function 

and services (Duffy et al., 2007; Estes et al., 2011a).  

Energy and nutrients are moved through food webs by a complex network of 

predator-prey, herbivore-plant, and parasite-host interactions, recycled in the end by 

decomposers. These multifaceted relationships have coevolved across evolutionary and 

ecological timescales operating from centuries to millions of years. Changes in these 

networks of interactions have cascading effects, penetrating deep into food webs which in 

turn influence the morbidity and mortality of populations (i.e., suppressing transmission 

and increasing individual susceptibility), carbon sequestration, invasive species, and 

biogeochemical cycles (Pace et al., 1999; Polis et al., 2000; Estes et al., 2011a). The 
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coevolution of these plant and animal interactions also means that environmental changes 

affecting some species will occur too fast for others to respond, so the timing of animal 

migration may be out of sync with the maturation of plants to sustain them.   

To understand these food web dynamics, the whole dietary breadth needs to be 

measured across multiple guilds (Pompanon et al., 2012a); however, this type of study 

has been virtually impossible until now. These challenges to the evolutionary and 

ecological processes inherent in animal communities were the focus of my Ph.D. by 

using novel field, laboratory, and bioinformatic resources as detailed below. 

Background Methods 

The majority of trophic interactions recorded are by visual observations of 

behavior, morphological analysis (either through the gut or fecal content composition 

(Hansson, 1970) or stable isotopes (Carreon-Martinez and Heath, 2010). These 

techniques are time-consuming and may be biased and inaccurate due to variation in 

digestion rates (Sheppard and Harwood, 2005) and the inability to visualize all 

interactions. The advancement of High Throughput Sequencing now enables a powerful 

means of accurate and cost-effective biodiversity assessment and construction of species 

interactions at a level of precision not previously available (Ji et al., 2013; Clare, 2014). 

This is achieved through the amplification of a taxa-specific DNA fragment (barcode) 

from an environmental sample (Cristescu 2014a), for example from fecal material 

collected in the environment from species within an ecosystem. Combined with DNA-

based taxonomy, it is termed metabarcoding and is a powerful way to reconstruct the 

ecological networks of communities.  
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Recent studies have shown metabarcoding techniques to be effective in assessing 

diet within the carnivores (Shehzad et al., 2012b, 2012a; Torre et al., 2013; Walsh, 2015; 

Xiong et al., 2017), herbivores (Soininen et al., 2009; Czernik et al., 2013; Kartzinel et 

al., 2015; Iwanowicz et al., 2016; Erickson et al., 2017), and omnivores (De Barba et al., 

2014; Robeson et al., 2018). However, no metabarcoding study to date has investigated 

trophic interactions simultaneously among multiple guilds within a natural, terrestrial 

community using network theory. 

There are many theoretical approaches that have been developed to study and 

analyze food webs using network theory (Layman et al., 2015). Network-based 

approaches provide an increasingly valuable way to investigate the mathematical 

framework of community structure from the species level to the community level 

(Delmas et al., 2019). Through hypergraphs (a graph where edges can join any number of 

vertices) the interactions of species and the effects of ecological interactions on one 

another can be assessed (Golubski and Abrams, 2011). The ability of communities to 

withstand disturbance is measured through the degree of nestedness, modularity, and 

connectance of networks (Tylianakis and Morris, 2017). Network robustness measures 

the vulnerability of a food web to disturbance and provides a proposed index of resilience 

for a food web structure (Dunne et al., 2002). However, the applicability of this approach 

is limited as ecosystems are dynamic and constantly changing spatially and temporally. 

This variation creates complex patterns of species relationships across multiple trophic 

levels and interaction types which are difficult to model using one-layer networks that 

consider only a set of entities (nodes) and their interactions (links). Recent advances in 

the theory of multilayer networks allow for different types of interactions, species 
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communities, and time points to be assessed across the trophic layers (Pilosof et al., 

2017). This allows for a novel assessment of ecological systems, capturing the structure 

and function within communities, through multitrophic food web interactions.  

This dissertation contributes to the advancement of integrative, non-invasive High 

Throughput Sequencing techniques to identify species interactions (predator-prey; 

herbivore-plant; parasite-host) and ecological multilayer networks to infer community 

structure and function of interactions and capture the biodiversity of an area. This study is 

the first to record novel ecological interactions in hybrid elephants (Forest and Savanna 

elephants) and to assess the role of these new ‘species’ in the ecosystem. Understanding 

how hybrid species might be changing or reshaping the ecological networks of an 

ecosystem is critical since globally, the introgression of species is increasing (Vallejo-

Marín and Hiscock, 2016).  

Authors Contributions 

In Chapter 2, I developed the molecular ecological network analyses (MENA) as 

an ecosystem assessment tool to identify the structure of the food web, patterns of trophic 

interactions, key species, and to assess its utility in capturing the biodiversity within a 

small exurban preserve, Jasper Ridge Biological Preserve in California. This chapter built 

the foundation for the subsequent chapters. Chapter 2 has been published in Frontiers in 

Ecology and Evolution (2020) and was co-authored by Kevin Leempoel (Stanford 

University), Gianalberto Losapio (Stanford University), and Elizabeth A. Hadly. I 

designed the study, performed the field and lab work, and wrote the first draft. JM and 

KL performed the bioinformatics related to DNA metabarcoding. GL and JM performed 
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the network analysis. EH helped design and supervised the research. GL, KL, and EH 

contributed to editing the manuscript.  

Chapters 3 and 4 apply the MENA method across the Garamba National Park in 

the Democratic Republic of Congo to answer ecological questions about the impacts of 

forest and savanna elephants hybridizing on their habitat and health. Savanna grasslands 

are crucial for biodiversity, however, are declining globally. In Chapter 3 we discovered, 

through diet DNA (dDNA) analyses, that forest elephants are ‘gardening’ grasslands in 

ways that have not been recorded before, as they were previously only considered 

frugivorous browsers and gardeners of the forests. This paper highlights the importance 

of this critically endangered species in a novel ecosystem. Chapter 3 has been published 

in Environmental DNA (2022) and was co-authored by Naftali Honig (African Parks) and 

Elizabeth A. Hadly. I designed the study, performed the field and laboratory work, 

analyzed the data, and wrote the manuscript. NC supported the design of the study and 

sample collection. EH supervised the research and contributed to editing the manuscript.  

In Chapter 4, I investigated how the introgression of the forest and savanna 

elephants is currently shaping the elephant’s internal (endoparasites) and external 

(foraging and movement behavior) ecosystem. I tested for effects of host phylogeny, diet, 

sex, age, social structure, and habitat on the elephants' diet and endoparasites within a 

single wet season. In this chapter I identified thirty percent of the sampled population to 

be hybrids and 70% Forest elephants. Phylogeny influenced helminth composition and 

admixed genetics of the hybrid significantly reduced host-specific parasite infection. The 

ecology of the forest and hybrid elephant were similar, consuming similar diets and using 

habitats equally, however different to all other forest elephants. This research is being 
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written for publication and co-authored with Katie Solari (Stanford University), Summer 

Vance (Stanford University), Zack LaGrange (Stanford University), African Parks staff, 

and Elizabeth A. Hadly. I designed the study, performed the field and laboratory work, 

analyzed the data, and wrote the manuscript. KS assisted with genotyping lab work and 

methods design. SV assisted with lab work. ZL assisted with lab and GIS work. EH 

supervised the research.   
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Chapter 2 Molecular ecological network analyses: An effective 

conservation tool for the assessment of biodiversity, trophic 

interactions, and community structure 
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A. (2020). Molecular Ecological Network Analyses: An Effective Conservation Tool for 

the Assessment of Biodiversity, Trophic Interactions, and Community Structure. Front. 

Ecol. Evol. 8, 1–19. doi:10.3389/fevo.2020.588430. 
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ABSTRACT 

Global biodiversity is threatened by the anthropogenic restructuring of animal 

communities, rewiring species interaction networks in real-time as individuals are 

extirpated or introduced. Conservation science and adaptive ecosystem management 

demand more rapid, quantitative, and non-invasive technologies for robustly capturing 

changing biodiversity and quantifying species interactions. Here we develop molecular 

ecological network analyses (MENA) as an ecosystem assessment tool to address these 

needs. To construct the ecological network, we used environmental DNA from feces to 

identify the plant and mammal diet of two carnivores: puma (Puma concolor) and bobcat 

(Lynx rufus); two omnivores: coyote (Canis latrans) and gray fox (Urocyon 

cinereoargenteus); and two herbivores: black-tailed deer (Odocoileus hemionus) and 

black-tailed jackrabbit (Lepus californicus) in a well-studied Californian reserve. To 

evaluate MENA as a comprehensive biodiversity tool, we applied our framework to 

identify the structure of the network, patterns of trophic interactions, key species, and to 

assess its utility in capturing the biodiversity of the area. The high dietary taxonomic 

resolution enabled the assessment of species diversity, niche breadth, and overlap. The 

network analysis revealed a dense ecological network with a high diversity of weakly 

connected species and a community that is highly modular and non-nested. The 

significant prevalence of tri-trophic chain and exploitative competition patterns indicates 

(i) the removal or reintroduction of a top predator would trigger a trophic cascade within 

this community, directly affecting their prey and indirectly the plant communities, and 

(ii) the potential impact of indirect effects between two predators that consume the same 

prey. These results suggest that the recent resurgence of puma in the study area may 

impact the herbaceous and woody vegetation and the population size of other predators. 

This effect of fluctuating predator populations and plant communities could be predicted 

through MENA’s fine-scale assessment of the diet selection and the identified keystone 

species. Although just using a subset of species, MENA more rapidly, accurately, and 

effectively captured the broader biodiversity of the area in comparison to other 

methodologies. MENA reconstructed and unveiled the hidden complexity in trophic 

structure and interaction networks within the community, providing a promising toolkit 

for biodiversity and ecosystem management.  
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1 | INTRODUCTION 

Anthropogenic impacts threaten global biodiversity, as species and their networks 

of interactions (ecological networks) are forced to adapt or be lost (Gonzalez et al., 2011; 

Dirzo et al., 2014; Munguía et al., 2016; Start et al., 2018). As a consequence of species 

loss and invasion, ecological networks, such as food webs and pollinator networks, are 

restructuring and species interactions are rewiring in real-time, fundamentally impacting 

whole ecosystems and their functions (Bartley et al., 2019; Daam et al., 2019). To 

comprehend these altered ecological networks, conservation biologists are increasingly 

focusing on extinction cascades caused by weakened or lost species interactions (Baiser 

et al., 2012; Valiente-Banuet et al., 2015; Losapio and Schöb, 2017) and are motivated to 

take a multitrophic perspective to address biodiversity and ecosystem functioning 

(Eisenhauer et al., 2019). However, we need more rapid, non-invasive, and quantitative 

technologies for biodiversity assessments and monitoring for the implementation of 

adaptive management strategies. 

Counting species (alpha diversity) rather than their interactions is often more 

tractable, however, it is not nearly as informative for understanding how ecosystems 

function (Jordan and Scheuring, 2004; McCann, 2007). Ecosystems are composed of 

thousands of species interactions (likely billions if including microbes) that directly or 

indirectly impact the biological populations (Kéfi et al., 2016) and contribute to the 

network robustness (Losapio and Schöb, 2017). Recent advances in network analysis 

enable the interpretation of large numbers of species interactions and assessment of the 

predictability of dynamic ecological systems (Dale and Fortin, 2010; Delmas et al., 

2019). Yet, building robust ecological networks, particularly in response to perturbations 
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and across communities that are comprised of different species, is challenging given the 

difficulty of observing trophic events and quantifying the strength of interactions between 

species. The advent of high-throughput sequencing (HTS) makes this kind of research 

remarkably more tractable (Roslin et al., 2019). 

Innovations in HTS, and, more specifically, DNA metabarcoding, enable accurate 

and cost-effective biodiversity assessments at a level of taxonomic coverage and 

precision previously unavailable (Ji et al., 2013; Clare, 2014; Deiner et al., 2017; 

Pawlowski et al., 2018; Bush et al., 2019; Makiola et al., 2020). Recent studies have used 

metabarcoding techniques to investigate the feeding ecology of carnivores (Shehzad et 

al., 2012b; Torre et al., 2013; Walsh, 2015; Xiong et al., 2017), herbivores (Soininen et 

al., 2009; Czernik et al., 2013; Kartzinel et al., 2015; Coverdale et al., 2016; Iwanowicz 

et al., 2016; Erickson et al., 2017; Pansu et al., 2019), and omnivores (De Barba et al., 

2014; Robeson et al., 2018; for a review see Sousa et al., 2019). For example, Kartzinel et 

al., (2015) measured dietary niche partitioning among large herbivores and was able to 

address how generalist consumer species coexist on a limited range of resource types 

because metabarcoding allowed for unprecedented plant identification. While many of 

these studies targeted the diet of a single species or a trophic guild, few compared across 

mammal species and multiple trophic levels, a shortcoming that hinders our full 

knowledge of complex ecological processes (Eisenhauer et al., 2019). Multitrophic 

perspectives provide a better understanding of ecological and evolutionary processes than 

do typical pairwise interactions between trophic levels (Abdala-Roberts et al., 2019). 

Despite this, our knowledge of ecosystem function in multitrophic communities is limited 

to date (Eisenhauer et al., 2019). 
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Constructing multitrophic ecological networks using traditional methods is 

difficult and labor intensive, especially in poorly studied and highly diverse systems 

(Derocles et al., 2018). Non-invasively collected DNA from the environment (eDNA) 

(i.e., a complex mixture of genomic DNA from different organisms found in soil, water, 

or feces (Taberlet et al., 2018)) may help to construct complex ecological networks by 

rapidly detecting trophic interactions that would otherwise be impossible to observe, and 

to do so more quickly than traditional methods (Ruppert et al., 2019). Only recently has 

molecular network analysis been applied to the assessment of ecological systems. 

Metabarcoding studies in this context have focused on varying scales: the diet of 

European hake (Riccioni et al., 2018); coral reef fish (Casey et al. 2019); freshwater 

ecosystems (Compson et al., 2019); aquatic macroinvertebrates (Bush et al., 2019); and 

bat (Clare et al. 2019), forest (Evans et al., 2016), and herbivore (Kartzinel et al. 2015) 

communities. However, to the best of our knowledge (see Sousa et al., 2019 for a 

review), to date, a metabarcoding study has yet to use fecal eDNA to reconstruct 

ecological networks and unravel trophic interactions among carnivores, omnivores, and 

herbivores within a terrestrial mammal community to inform biodiversity assessments. 

Here we combine DNA metabarcoding and network-based approaches in a non-

invasive molecular ecological network analysis (MENA) (Deng et al., 2012) and 

demonstrate its utility to assess biodiversity, trophic interactions, and structure within a 

mammalian community. We construct a food web by identifying the diets of mammals 

using HTS of eDNA from feces across three feeding guilds— two carnivores: puma 

(Puma concolor) and bobcat (Lynx rufus); two omnivores: coyote (Canis latrans) and 

gray fox (Urocyon cinereoargenteus); and two herbivores: black-tailed deer (Odocoileus 
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hemionus) and black-tailed jackrabbit (Lepus californicus). To evaluate MENA as a 

comprehensive biodiversity assessment tool, we apply our framework to answer the 

following questions: (i) What is the structure of the network, and who are the key 

species? (ii) Are specific patterns of trophic interactions (i.e., trophic cascade, omnivory, 

and exploitative competition) occurring and prevailing within the community? (iii) Does 

MENA provide an accurate portrait of biodiversity? We validate findings with long-term 

studies in the study area and discuss how these molecular and network metrics provide 

increasingly valuable information and a rapid bioassessment tool for conservation 

decision-making.  

2 | MATERIALS & METHODS 

2.1 | Study Site & Feces Collection 

Jasper Ridge Biological Preserve (JRBP) is a small (5km2) protected area on the 

urban fringe of Silicon Valley, a highly urbanized region in California, USA. It is located 

in the eastern foothills of the Santa Cruz Mountains and is surrounded by various land-

use types. JRBP has a Mediterranean-type climate, consisting of warm, dry summers and 

cool, wet winters, and averaging temperatures of 5°C – 22°C across the year. The mean 

annual precipitation is 605 mm (Zavaleta and Kettley, 2006). JRBP has been an active 

site of research for over a century, protected as a preserve since 1973, and the fauna and 

flora of the preserve have been well-documented. Dominant vegetation types include 

grassland, woodland, chaparral, coastal scrub, marshes, and forests, with the most 

common vegetation type being oak (Perea et al., 2017).  

A long-term camera-trapping effort (2009 – 2018) at JRBP elucidated dynamic 

shifts within the predator and herbivore populations, triggered when an apex predator, the 
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puma, became resident after at least a decade of very low abundance (Leempoel et al., 

2019). The (re)establishment of the puma coincides with a change in coyote behavior and 

abundance, which in turn, opened a niche for the smaller, omnivorous gray fox. JRBP 

thus provides an ideal opportunity to test the MENA tool in identifying biodiversity and 

patterns of trophic interactions, because the flora, fauna, and dynamic shifts within this 

system are known.  

Fecal samples (scats) from puma, coyote, bobcat, gray fox, black-tailed deer, and 

black-tailed jackrabbit were collected across all six habitat types in JRBP within two-

week survey windows (following (Murphy et al., 2007b; Ruell et al., 2009)) in the dry 

season (October 26 - November 12, 2017) and wet season (April 4 – 17, 2018). Before 

the start of the survey, all scat was removed from the trails to ensure the age of the 

collected samples was all less than 2 days old. This kept freshness of the sample 

consistent and minimized fecal DNA degradation. Sampling transects were nonrandom 

and predator scat was collected along 34 paths (trails 17km; roads 7km) throughout JRBP 

(Supplementary Figure S1). Camera trapping demonstrates that predators use these 

pathways at a high frequency (Kohn et al., 1999; Leempoel et al., 2019). During 

collection, one-half of the scat sample was left in situ to ensure that the relevant inter- 

and intra-species scent cues were not disturbed. Scat samples were collected into a sterile 

bag, using gloves to avoid contamination, and GPS coordinates and metadata were 

recorded at the collection site. All samples were stored at -20°C until DNA extraction 

was performed. In total, +175km of trails were traversed through all main habitat types 

over 12 collection days in each season (finding scat on 19 of the 24 traversing days). 
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A combination of morphological identification (i.e., size, shape, composition) and 

DNA sequencing (e.g., the mammal primer confirmed all predator identifications through 

the most abundant predator reads per sample) enabled us to determine the identity of 

species that deposited the scat. Multiple jackrabbit fecal samples were genotyped to 

confirm the identification of the collected samples, which are visually much larger, but 

similar in shape, to scats of the smaller brush rabbit (Sylvilagus bachmani).   

2.2 | Fecal DNA Extraction & Metabarcoding 

We conducted all DNA extractions at Stanford University in a sterilized laminar airflow 

hood to avoid contamination. Before DNA extractions, fecal samples were thawed, 

homogenized, and processed (~0.2g) utilizing the Zymo Quick-DNA Fecal/Soil Miniprep 

Kit (Kartzinel et al. 2015). Samples were processed in small batches (~ 14) with an 

extraction blank to monitor for potential cross-contamination in the laboratory. The 

eluted DNA was quantified using a Nanodrop 2000 (Thermo Fisher Scientific Inc.) and 

stored at -20°C until used for PCR. 

We used DNA metabarcoding on the extracted DNA to characterize carnivore, 

omnivore, and herbivore diets, by quantifying large numbers of short, unique regions of 

DNA extracted from individual fecal samples (Pompanon et al. 2012). Two different 

primer pairs were used to amplify mammal and plant DNA. All primers were modified 

with the Illumina adaptor preceding the target primers and separated by 6-N spacers as 

designed by Ushio et al. (2017). 

Mammals: We use the MiMammal-U metabarcoding primers for the 12S mtDNA gene 

targeting 210 bp amplicons because it can amplify and distinguish DNA from a diverse 

and wide range of mammals that are well represented in public databases (MiMammal-
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UF: GGGTTGGTAAATTTCGTGCCAGC & MiMammal-UR: 

CATAGTGGGGTATCTAATCCCAGTTTG) (Ushio et al., 2017). We compared our primer 

reference database to the list of known JRBP mammal species (46 species) and found that 

these primers identify 96% of the mammals present in JRBP to the genus and species 

level and 4% to the family level (Leempoel et al. 2020a). The PCR comprised 20μL: 10ul 

of GoTaq® Colorless Master Mix, 1μL of each primer (5mM), 4μL of DNA template, 

and 4μL of water. Cycling conditions used initial denaturing at 95°C for 10 min, followed 

by 35 cycles of denaturing at 95°C for 30 s, annealing at 60°C for 30 s and extension at 

72°C for 10 s. 

Plants: The most widely applied DNA barcode for herbivore diet analysis is the P6 loop 

of the chloroplast trnL (UAA) gene (Taberlet et al., 2007). However, it has a lower 

taxonomic coverage than a recently designed second internal transcribed spacer of 

nuclear ribosomal DNA (ITS2) primer (Moorhouse-Gann et al., 2018). For this study, we 

targeted 200 – 387 bp amplicons of the ITS2 region for the amplification of plants in the 

diet using primers UniPlantF: TGTGAATTGCARRATYCMG and UniPlantR: 

CCCGHYTGAYYTGRGGTCDC (Moorhouse-Gann et al., 2018). We compared our 

primer reference database to the list of known JRBP plant species (762 species) and 

found that these primers identify 88% of the plants present at JRPB to the species and 

genus levels, 7% only to the family level, and 5% were not found in the database 

(GenBank). The first PCR comprised of 20μL reactions using GoTaq® Colorless Master 

Mix, 0.6μL (10 mM) of each primer, and 6μL of DNA template and 2 μL of water. 

Thermocycling followed a program of initial denaturing at 95°C for 10 min, followed by 
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35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a 2-min final extension 

at 72°C.  

The integrity of DNA extracted by each primer was assessed by gel 

electrophoresis. Specifically, 3 μL of each DNA extract was analyzed in a 2% agarose gel 

and was visualized by UV illumination. If positive, the PCR products were cleaned with 

the Qiagen PCR Purification Kit (Valencia, CA). For the two-step PCR, appropriate 

Illumina barcodes were ligated to each sample as an index tag for each unique sample 

(Ushio et al. 2017). The index PCR was performed as a 20 μl reaction: 10 μl of Amplitaq 

Gold360 Mastermix reactions (with 2.5 mM MgCl2,200 lM each dNTP, 0.1 mg/mL 

BSA, 4% DMSO), 1μl (of each primer), 3 μl of purified DNA amplicons and 6 μl of H20. 

Cycling conditions used initial denaturing at 95 °C for 10 min, followed by 12 cycles of 

denaturing at 95°C for 30 s, annealing at 60°C for 30s and extension at 72°C for 10s.  

The indexed secondary PCR products were quantified using a Fragment 

Analyzer™ (Automated CE System from Advanced Analytical Technologies), 

normalized to equimolar concentrations and pooled together before purification using 

QIAquick PCR Purification Kit (Qiagen). Sequencing was performed on a MiSeq 

platform using the Reagent Kit Nano v3 for 2 x 300 bp (plant primers) and 2 x 150bp 

(mammal primers) paired-end reads (Illumina, San Diego, CA, USA) and run at the 

Stanford University PAN Facility. PhiX DNA spike-in control (18 - 30%) was added to 

improve the data quality.  

2.3 | Sequence filtering and taxonomic assignment  

We used a series of conservative filtering steps developed by Leempoel et al. 

(2020a), to retain as much of the ‘true’ DNA diversity present in the scat samples as 
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possible. We used software packages in Obitools (Boyer et al., 2016) and R version 3.6.3 

(R Core Team 2019) for demultiplexing and quality control. Each sequence was assigned 

to its sample of origin based on exact matches to both index identifier. Sequences were 

paired with Obitools illuminapairedend and aligned sequences with a score of <40 were 

discarded (Kartzinel et al. 2015). Quality scores of paired sequences were checked using 

FastQC, prior to adapter trimming (with a mismatch tolerance with primers of 10%) in 

Cutadapt (Martin 2011), and low-quality sequences <Q30 were removed. After 

assignment of sequences to their corresponding samples, we used obiuniq to dereplicate 

reads into unique sequences, eliminated potential PCR and sequencing errors with 

obiclean, and kept only sequences occurring at least 10 times. See Boyer et al. (2016) for 

a more detailed explanation. Obiclean was applied sample by sample, with a maximum 

of one difference between two-variant sequences and a threshold ratio between counts of 

one, meaning that all less-abundant sequences were considered as variants. Only 

sequences with ‘head’ (true sequences or chimera product and can have multiple variants) 

or ‘singleton’ (either true sequences or chimeras but are not related to any other 

sequences) status in at least one sample were kept. Further, sequences whose status in the 

global dataset were more commonly ‘internal’ (amplification/sequencing errors) than 

‘head’ or ‘singleton’ were discarded (Giguet-Covex et al., 2014). 

The remaining sequences were matched in Obitools against the reference 

databases built using EcoPCR to identify the molecular operational taxonomic units 

(mOTUs) (Blaxter et al., 2005; Ficetola et al., 2010). First, we downloaded all standard 

sequences for vertebrates and plants from EMBL 

(http://ftp.ebi.ac.uk/pub/databases/embl/release/std/, release 141) and converted the 
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recovered file to EcoPCR format. EcoPCR was then used to simulate an in-silico PCR, 

using the two primer pairs and maximum three mismatches, and a minimum and 

maximum length identical to the length of each metabarcode. The taxonomic assignment 

of mOTUs was performed using Ecotag, keeping only sequences with an identity ≥ 95%, 

and further inspecting and revising taxonomic assignments to ensure validity.  

We removed sequences with relative read abundance (RRA) <0.001% within 

samples to reduce the likelihood of including data that might be the result of cross-

contamination (Kartzinel et al., 2015). Obvious contaminants (i.e. human DNA) and 

counter-marking species mOTUs were removed—e.g., fox and bobcat frequently urinate 

or defecate on each other’s scats. Non-target mOTUs were removed because the 

MiMammal primer is known to identify bird sequences in the database (Ushio et al. 

2017) and we identified 7 different bird mOTUs (Supplementary Table S4) (resulting 

removal of one coyote and bobcat scat) and the ITS2 primer amplified fungi and bacteria 

(Moorhouse-Gann et al., 2018). Canis lupus familiaris (domestic dog) was present in 

many fox samples yet the sequence was a 95% match to Vulpes vulpes (red fox) in the 

database, therefore we believe reads were misidentified and we removed this mOTU 

from diet analyses. Finally, all sequences with >1% of the total reads in the negative 

controls were removed from our samples, a threshold that is 10 times more conservative 

than other recent studies (e.g., Siegenthaler et al., 2019).  

2.4| Diet Composition & Biodiversity Analysis 

We converted the filtered sequence read data into read abundance and occurrence 

data to examine the utility of both data types for food web construction. Three methods 

were used to quantify diet composition, as suggested by Deagle et al. (2018), including 
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Frequency of Occurrence (FOO), which is calculated as the number of occurrences 

divided by the total number of samples; Percent of Occurrence (POO), rescaled to 

account for all food items; and the Relative Read Abundance (RRA) defined as the 

proportion of unique Illumina sequence reads in a sample divided by the final (i.e., after 

quality control) number of sequence reads in that sample. Fecal samples were sequenced 

separately for the plant and mammal DNA; therefore, we analyzed each independently 

for RRA and combined the FOO results in the case of omnivore diets. 

Diet items were categorized into functional groups. Plants were identified as 

grasses, herbs, or woody vegetation (trees and shrubs), while small mammals were 

defined as species with an average adult body mass < 1.5 kg and large animals as those 

with a body mass >1.5 kg. The mean percent of RRA was used to compare diet type (e.g. 

grass vs. trees vs. small mammals) among the focal species (Pansu et al., 2019). 

To determine if there is an empirical relationship in the predator-prey mass ratio 

in JRBP, we compared predator body size (in grams) to prey body size (both natural log-

transformed) at the individual level as suggested by Nakazawa (2017) using Pearson's 

correlation coefficient. Predators can take down prey of a certain size or smaller and 

scavenging carcasses does not involve the killing of prey. We have evidence from camera 

trap imagery that deer carcasses are being scavenged by bobcats and gray fox within 

JRBP, therefore these correlations were performed with and without the deer. 

To capture important baseline information about the food web dynamics, we 

compared different diversity, niche breadth, and diet overlap metrics. We determined diet 

diversity (raw richness, Shannon diversity), niche breadth (individual, Levins’), niche 

overlap (Pianka’s niche overlap), and compared consumed prey species diversity (at 
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mOTU level) following Razgour et al (2011). The Shannon’s diversity index (H) 

accounts for both the number of species (species richness) and the relative abundance 

(evenness) and was calculated for each species diet using the vegan package (Oksanen et 

al., 2019b) in R version 3.6.3 (R Core Team 2019). A species’ niche breadth describes 

the suite of resources that it can use (Gaston et al., 1997). We determined how uniformly 

resources (mOTUs) are being utilized by each species using the standardized Levins’ 

measure of niche breadth index (BA) (Razgour et al., 2011; Lyngdoh et al., 2014): 
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where pi  is the proportion of fecal samples in which the mOTU i was found and n is the 

number of possible mOTUs in the diet. 

Pianka’s adaptation of the niche overlap (Ojk) metric was used to determine dietary 

overlap among all pairs of target species (Pianka, 1973; Woodward and Hildrew, 2002; 

Brown et al., 2014; Pansu et al., 2019): 
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where pij is the proportion of prey species i in one carnivore species j diet, pik is the 

proportion prey species i in another carnivore species k diet, n = total number of available 

prey species. Ojk = 0 represents no overlap, whereas a value of Ojk = 1 represents 

complete overlap in prey species between all carnivore species. 
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To determine whether the number of collected fecal samples captured enough of 

the diet richness for this study, we used the function specaccum in the R package vegan 

to determine the mOTUs accumulation curve (without replacement) (Gotelli and Colwell, 

2001). We used EcoSim null models (version 1; http://grayentsminger.com/ecosim.htm) 

to test whether the extent of niche overlap is greater than expected by chance (Gotelli et 

al., 2015). We generated 1,000 simulated matrices of randomized mOTU diet 

composition, using the randomization algorithm 3, where the niche utilization values are 

reshuffled within each row of the matrix to detect non-random niche overlap patters 

(Winemiller and Pianka, 1990). The observed niche overlap (Ojk) is then compared to the 

simulated niche overlap values (Gotelli et al., 2015). For all of these pairwise 

comparisons, we deemed niche overlap to be significant when the observed value was 

greater than at least 99% of the simulated values. 

We performed a non‐metric multidimensional scaling (nMDS) ordination based 

on a Bray–Curtis dissimilarity matrix using the occurrences and the FOO of mOTUS to 

examine the patterns of niche space across different species (permutations = 999, trymax 

= 500, k = 2) (Kartzinel et al., 2015; Casey et al., 2019). We also performed principle 

component analysis (PCA) on the FOO of mammal and plant diet taxa to detect 

differences in the diet composition among species and to investigate whether certain taxa 

were more commonly found in certain diets.  

2.5| Molecular Ecological Network Analyses 

MENA consisted of three main steps: (i) mapping species interactions, (ii) 

quantifying network structure, and (iii) quantifying specific interaction patterns. 



   
 

 
 
  

25 

First, we built a JRBP food web as a unipartite network, which consists of one set 

of nodes where two species can be connected through trophic interactions (Delmas et al., 

2019). Because network metrics can be impacted by mOTU identification protocols 

(Clare et al. 2019), we were conservative with the filtering process. Thus, unique 

sequence reference number mOTUs were grouped at species, genus, or family level, as 

this approach circumvents the potential taxonomic misclassification (Lupatini et al., 

2014). The network was directed from predator to prey and interactions were weighted 

using the FOO values. To calculate network complexity and visualize the JRBP food 

web, we used the software Gephi (http://gephi.org (Bastian and Heymann, 2009)). The 

Yifan Hu layout algorithm was used for the construction of the directed network and 

belongs to the category of force-directed algorithms (Force Atlas and Fruchterman 

Reingold algorithms) (Hu, 2006). 

Second, we quantified overall network complexity and structure calculating the 

following network metrics: Connectance (proportion of realized interactions among all 

possible ones) to quantify the level of arrangement of a network; Average degree 

(average number of links per species) to understand the average level of specialization of 

the network; Average clustering coefficient (degree to which the neighbors of a node are 

connected) to estimate groupings in closely connected subsets; and Path length (average 

distance between any pair of nodes) to determine shortest distance between species 

(Delmas et al., 2017; Landi et al., 2018).  

To measure the relative importance of each taxon within the network we 

calculated: (i) Weighted in-degree centrality, which also indicates the degree to which 

losing a central species from the network will trigger secondary extinctions and impact 
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the community (Elhesha et al., 2017) and (ii) the Eigenvector centrality, which measures 

the node’s importance within the network while accounting for the importance of its 

neighbors, representing potential keystone species (Allesina and Pascual, 2009). 

Keystone species play a structuring role within the food web, strongly influencing the 

abundances of other species (Power et al., 1996). The higher the centrality values within 

the network,  the greater the functional role within the network (Allesina and Pascual, 

2009). 

To better understand the structure of the JRBP food web, we measured modularity 

and nestedness. Modularity is defined as the degree to which networks are organized in 

discrete groups, i.e., modules. A modular network is characterized by species belonging 

to the same module having high connection among themselves and few connections to 

species belonging to other modules (Moore et al., 2017; Landi et al., 2018; Ma et al., 

2020). Modularity and module partitions were computed by simulated annealing 

(Doulcier et al., 2016) using rnetcarto, which allowed us also to determine which species 

were most connected among modules and to calculate z-values for within-module 

connectivity. Nestedness is defined as the degree to which more specialist species interact 

only with subsets of species that interact with more generalist species (Jonsson, 2001; 

Bastolla et al., 2009). The role of nestedness for biodiversity depends on the type of 

species interactions. In mutualistic networks, nestedness enhances the number of 

coexisting species, but in food webs nestedness increases niche overlap among 

consumers and thus may prevent their coexistence (Kondoh et al., 2010). Nestedness (𝜂) 

was calculated (Bastolla et al., 2009; Losapio et al., 2019) for unipartite networks as: 
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where nij is the number of prey species between two predator species i and j and min(ni, 

nj) is the smaller of the two values. Values of nestedness 𝜂 range between 0 (perfectly 

non-nested, full trophic complementarity) and 100 (perfectly nested). 

Thirdly, we identified specific interaction patterns using network motif analysis 

(Milo et al., 2002). Specifically, we focused on patterns of: (i) tri-trophic chains (e.g. 

predator that consumes prey who feed on plants), (ii) omnivory (species at the top of a 

food chain that feed on both plants and animals), and (iii) exploitative competition (two 

predators competing for the same shared prey) (Giling et al., 2019).  

These three motif patterns are represented as:   

 

We used the RANDESU motif finder algorithm of igraph (Csardi and Nepusz, 

2006) to find and count these subnetworks. Then, we compared the JRBP food web 

motifs with random expectation. Notice that network links were directed from predators 

to prey, highlighting the structure of ‘who eats whom’ rather the ‘matter and energy 

flow’. For this reason, the motif of exploitative competition involving two predators and 
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one prey can resemble apparent competition in theory. However, apparent competition 

involves two prey and one predator (Wootton, 1994). Thus, we opted for a biological 

definition of network motifs involving indirect interactions between two predators as 

exploitative competition. 

To assess the significance of nestedness, modularity, trophic cascade, omnivory 

and exploitative competition, we used randomizations of the empirical JRBP food web. 

Our null model randomized the food web probabilistically maintaining total number of 

interactions and species-specific frequencies (Jonsson, 2001; Oksanen et al., 2019b). To 

assess statistical significance for each of these metrics we assessed whether (i) the 

empirical food web metric was higher or lower than the 95% CI expected by chance, and 

(ii) the probability, p, that a randomization was equal or higher than observed 

empirically. All analyses were conducted in R version 3.6.3 (R Core Team, 2020). 

2.6 | Bioassessment Comparison 

Mammal diversity recovered from fecal DNA was compared to an expert-curated 

list of known mammals in the region, and both camera trap soil eDNA surveys at JRBP. 

The fauna and flora of JRBP are well documented, including 762 plant species (Oakmead 

Herbarium, 2019) and 46 mammal species (JRBP, 2019). Camera trap and soil eDNA 

data sets and their analysis are described in Leempoel et al. (2020a) and Leempoel et al. 

(2019). Briefly, during the time of this study, 18 wireless camera traps were continuously 

recording wildlife along trails. We used images recorded from October 15, 2017 – April 

20, 2018 to overlap both fecal collection sessions for a total of 2,754 capture days (153 

days x 18 cameras). To determine if some scats were over- or under-represented, we 

tested for a correlation between the number of capture days per species and the number of 
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scats. The soil eDNA study was conducted in October 2017, contemporaneously with 

some scat collection. It relied on 12 soil samples sampled in front of 6 of the camera 

traps, and used the same Mimammal-U 12s metabarcode. We compared mammal species 

identified in this soil eDNA study with those identified in the scat samples.  

3 | RESULTS 

 We collected 158 fecal samples over the two sampling periods, consisting of 15 

puma, 12 coyote, 31 bobcat, 71 gray fox, 14 deer, and 15 jackrabbit samples. The 

majority of the samples (87%) were collected in the dry season (dry season = 137 and wet 

season = 12), which may be a result of seasonal usage of the JRBP by animals, seasonal 

differences in trail use, and/or seasonal differences in scat preservation. We combined all 

samples for further analysis to represent the temporal averaging of the focal species’ diets 

and plotted sample-based species-accumulation curves, all of which are approaching 

asymptotes (Supplementary Figure S2A & D), indicating adequate sampling of guild 

diets for this study. 

3.1 | Mammal & Plant DNA metabarcoding  

 We successfully sequenced either mammal DNA, plant DNA or both from 113 fecal 

samples post filtering (Table 1 and Supplementary Table S1 for sample size filtering). 

Seventy-five percent of gray fox samples contained plant DNA (n=36) and 63% 

contained mammal DNA (n=30). Two of the coyote samples had both plant and mammal 

DNA, with one containing plant DNA only. We retained all mOTUs as representatives of 

the number of species that were both in the environment (biodiversity assessment) and 

being consumed (network assessment) at the time of collection.  
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 From a combined 24-day sampling period, we identified a total of 212 known 

mOTUs with unique reference sequence numbers from 31 carnivore, 57 omnivore, and 

25 herbivore fecal samples (Supplementary Table S2). These mOTUs represent 55 

families and 119 genera. We combined multiple mOTUs identified to the same genus or 

family, making up 167 individual mOTUs (identified to each taxonomic level: 85 

species/sub-species, 67 genera, 10 tribes/sub-tribes, and 5 families/sub-families) 

(Supplementary Table S3). We classified 91% of the mOTUs to the genus or species/sub-

species level.  

The mtDNA 12S gene was sequenced to assess the mammal diet of four predator 

species. From the 102 samples sequenced, a total of 20,373,994 raw reads were generated 

with 4,459,979 reads remaining after removing host and contaminant DNA. Host DNA 

made up the majority of the reads for puma 63±0.12%, bobcat 89±0.04%, coyote 

81±0.09%, and gray fox 93±0.02%, and therefore able to identify any unidentified scat. 

After taxonomic assignment, a total of three mOTUs (genera Equus, Rattus, and Felis) 

were removed because their abundance in the extraction-negative control was >1% of the 

total reads for those mOTUs, suggesting upstream contamination. We removed samples 

that consisted only of host reads, (i.e., samples showing no prey species other than host 

DNA) or samples deemed contaminated, leaving 69 samples for downstream analysis 

(Supplementary Table S1). 

We identified a total of 16 unique mammal mOTUs from the scat samples of the 

predator species for downstream diet analysis (Table 2). Predator diet diversity comprised 

11 families and 13 genera. If an mOTU was identified to the genus-level and that genus 

was monotypic in the San Francisco Bay Area, then cf. (conferre) was indicated and the 
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species level identification was included (i.e., Neotoma cf. fuscipes). Therefore, 75% 

(12/16) of the mOTUs were identified to species. 

The ITS2 marker was sequenced to assess the plant diet of the two herbivore and 

two omnivore species (Moorhouse-Gann et al., 2018) (Table 1). From the 64 samples 

sequenced, a total of 1,970,916 post filtering and a final 1,813,698 reads were used for 

downstream analysis. Plant DNA was identified as 196 unique mOTUs to the family 

level and below, marked by unique reference sequence numbers (Supplementary Table 

S5). The mOTUs represented 44 families and 106 different genera and 77 species of 

plants. Of the 196 unique reference sequence numbers, there were 151 individual mOTUs 

after combining the same family and same genus together (identified to each taxonomic 

level: 77 species, 61 genera, 10 tribes, and 3 families) (Supplementary Table S6). The 

ITS2 primers were specific in identifying plants to the species level (51% of mOTUs) and 

genus level (40% of mOTUs). 

3.2 | Diet Composition & Richness 

When evaluating diet by functional groups, we found that puma consumed mainly large 

mammals (Figure 1 & Table 3), primarily black-tailed deer, and frequently augmented 

with small mammals and single occurrences of coyote, raccoon (Procyon lotor), and feral 

pig (Sus scrofa). The next largest predator, the coyote, consumed an even mix of large 

mammals, mainly black-tailed jackrabbit (Lepus cf. californicus), and small mammals, 

mainly broad-footed mole (Scapanus latimanus). The smaller mesopredators, the bobcat 

and gray fox, regularly consumed small mammals (95% and 97% of samples, 

respectively) including dusky-footed woodrats (Neotoma cf. fuscipes), voles 

(Arvicolinae), and brush rabbits (Sylvilagus bachmani macrorhinus) (Figure 1 & Table 2, 
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3). All mesopredators consumed black-tailed deer, but at a very low frequency of 1 – 2 

samples for all species.  

Based on PCA, it is evident that the body size of both predator and prey drive the 

differences in the diets of predators (Figure 2A). The two principal components explained 

82.6% of the variation, with small mammals contributing 70.6% of variance to PC1 and 

large mammals 60.6% in the PC2. Predator-prey body mass were positively correlated 

when scavenged deer was included (n = 98, r = 0.55, p < 0.0001), but the correlation is 

stronger when deer was excluded (n = 95, r = 0.62, p < 0.0001) (Supplementary Figure 

S3). 

 

Dietary prey richness was the same for the small predators (gray fox and bobcat (10 

mOTUs)), 11 for the puma, but only five for the coyote, although the number of samples 

for the latter was low (Table 2). The number of mammal taxa per scat ranged between 1 

and 6 (individual niche breadth, mean mOTUs ± SE per species) (Supplementary Table 

S7). Individual niche breadth was similar among the four predator species (F3,65 = 0.69, p 

= 0.56).  

The mean plant taxa per scat sample was much larger for herbivores, with 18.63 ± 

1.72 mOTUs/fecal sample, as opposed to 7.05 ± 1.06 for omnivores. The dietary 

dissimilarity within species was greatest for the gray fox and least for deer, while fox, 

deer, and jackrabbit diets were almost completely overlapping (Supplementary Figure 

S4). Deer are mixed feeders (i.e., grazers and browsers), and here their diet comprised of 

66% woody and 33% grass and herbaceous vegetation, while jackrabbits are grazers, with 

63% of their diet containing grasses and/or herbaceous plants (Figure 1 and Table 3). The 
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plants with the highest overall FOO for the herbivores included: the trees Quercus spp. 

and Cedrus deodara, (FOO = 0.68, 0.40, respectively); the forbs Plantago spp. and 

Medicago polymorpha (0.48, 0.36); and the grasses Amelichloa spp. and Nassella spp. 

(0.40) (Supplementary Table S5). Note that grass was found in all deer fecal samples, 

however, it only represented 12% of the RRA of the diet. For the gray fox, herbs 

comprised just 1% of RRA, despite being frequent in the diet (FOO) (Table 3). Clear 

differences in the diets of plant consumers were evident in the PCA (Figure 2B). The two 

principal components explained 77.7% of the variation, with woody vegetation 

explaining 43.5% of the variance in PC1 and herbaceous vegetation explaining 53.4% of 

the variance in PC2.   

Gray fox were frequent plant consumers (75% of samples contained plant DNA), 

selecting a wide diversity of plants (representing 59 genera). The fox and coyote both 

frequently consumed woody vegetation (85 – 92% of the diet) which produce fruit. The 

top plants consumed by the two omnivores were the woody plants Catalina cherry 

(Prunus ilicifolia), coyote brush (Baccharis pilularis), and oaks (Fagaceae, Quercus spp.) 

(FOO = 0.36, 0.28), and herbaceous English ivy (Hedera helix) (0.31) (Supplementary 

Table S5). Although differing in average daily intake, the gray fox diet richness was 

similar to that of the herbivores (Supplementary Table S7).  

3.3 | Dietary Diversity, Niche Breadth & Overlap  

We identified diet diversity and niche overlap among carnivores, and across all 

feeding guilds. Between the two carnivores, the bobcat had a relatively wider niche 

breadth than the puma (Levins’ measure: BA = 0.41 & 0.26 respectively) but 

approximately the same dietary diversity (Shannon diversity index: H= 2.13 & 2.03, 



   
 

 
 
  

34 

respectively) (Supplementary Table S7). The coyote had the narrowest niche breadth and 

dietary diversity of all four predators (BA = 0.19, H = 1.47). The Shannon’s Index shows 

that the herbivores and omnivores have a significantly more diverse diet than do the 

carnivores (F2,110 = 29.65, p <0.0001) (Figure 2C), along with a higher individual niche 

breadth (F2,110 = 58.99, p <0.0001) and wider niche breadth using Levins’ Standardized 

Index (Supplementary Table S7).  

Pianka's index was used to calculate the niche overlap of predator species, first 

considering only mammal species in the diet (Supplementary Table S8A). The diets of 

the coyote and the puma did not significantly overlap (Ojk = 0.23, P(Obs >null) = 37%), 

as the diet of the coyote consisted mostly of small mammals and jackrabbits while the 

diet of the puma consisted mostly of deer. Gray fox and bobcat niches overlap 

significantly with each other (Ojk = 0.77, P(Obs > null) = 99%), and to a lesser extent 

with the coyote (Ojk = 0.26, 0.33, respectively; P(Obs > null) <95%). Gray fox and bobcat 

differ from the coyote mainly in the breadth of small mammals they consume. As 

expected, the bobcat does not significantly overlap with the puma (Ojk = 0.39, P(Obs > 

null) = 65%). However, the nMDS for Bray-Curtis dissimilarity of diet shows that when 

plant and mammal diet are considered, the carnivores group together, the herbivores 

group together, and the omnivores group in the first nMDS axis but split in the second 

nMDS axis (Figure 2D). 

We expanded the dietary niche overlap analysis to include plant mOTUs for 

omnivores and herbivores (Supplementary Table S8B) . The coyote shares the greatest 

niche overlap with the gray fox (Ojk= 0.32, P(Obs > null) = 99%) while sharing the least 

with the puma (Ojk = 0.16). As expected, deer and jackrabbit diets have the greatest 
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overlap (Ojk = 0.50, P(Obs > null) = 99%). Although there is a 50% niche overlap in the 

herbivores diets, the PCA visually represents how the woody and herbaceous plant taxa 

are driving a significant differences between the two species (Figure 2B). The gray fox 

diet significantly overlaps with diet of both herbivores (Ojk= 0.46, P(Obs > null) = 99%). 

The jackrabbit and black-tailed deer have the widest niche breadth (BA=0.32), and a 

relatively diverse and even diet (H= 4.45 & 4.35) (Supplementary Table S7).  

3.4 | Molecular Ecological Network Analyses  

The diet data were used to construct an empirical food web composed of 151 

plant (Supplementary Table S6) and 19 mammal mOTUs (Table 2), totaling 170 nodes 

and 310 weighted edges/links (predation interactions) by FOO (Figure 3A). The network 

was directed with links going from the predator node to prey/plant node. The analysis of 

the topological properties showed that the JRBP network has an average clustering 

coefficient of 0.104 among the feeding guilds with an average path length of 1.608, 

average degree of 1.82, and a low connectance of 0.011.  

The metrics to determine key species within the network identified similar 

species. The most central nodes were identified through the weighted in-degree centrality 

metric and the top plant mOTUS were: Quercus, Cedrus deodara, Plantago, Baccharis 

pilularis and mammals were: deer, vole (Arvicolinae), squirrel (Sciurus niger) and 

jackrabbit. Within the network, each node was given an eigenvector centrality score, the 

closer to 1 the greater the level of influence within the network. The most important plant 

nodes were: Quercus, Plantago, Cedrus deodara, Baccharis pilularis, Centaurea 

solstitialis, Brassica, Hedera helix; and the mammal nodes were: deer, vole, squirrel, and 

jackrabbit (for full list see Supplementary Table S9). 
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The JRBP community network was significantly more modular than expected by 

chance (Q= 0.36, 95% CI= 0.26–0.30, p<0.05). The JRBP food web was comprised of 

four modules (Figure 3B). The most significantly connected (Z-score > 1.96) species 

(hub connectors) within this community are deer (7.95), jackrabbit (7.08), gray fox 

(5.66), coyote (3.96) and bobcat (2.74) (for a full list see Supplementary Table S10). The 

JRBP network is not significantly nested (falls within the 95% CI expected from random 

networks; 	𝜂= 0.40, 95% CI= 0.39–0.49, p = 0.09). 

The tri-trophic chain motif was significantly over-represented, meaning this 

pattern occurred within the network more times than expected by chance (JRBP Network 

= 464; 95% CI = 43–240). Omnivory, however, was not more prevalent in this network 

than expected by chance (JRBP Network = 74; 95% CI = 42–184). Finally, the 

exploitative competition motif was also significantly more represented than expected by 

chance (JRBP Network = 128, 95% CI= 17–123). 

3.5 | Bioassessment Comparison 

We compared our fecal eDNA data to camera trap and soil eDNA surveys from 

the same time period of scat collection (October 2017 – April 2018), and to an expert-

curated mammal list of mammals in the study area (see Leempoel et al., 2020a for 

camera trap and soil eDNA methodologies). The scat sample size of predators was 

significantly correlated with the number of camera trap days for predator occurrences—in 

fact the rank order abundance in each data set was the same (Spearman’s rs = 1, p(2-

tailed) = 0): in order, gray fox was most abundant (scat n = 71, camera n = 186), followed 

by bobcat (n= 31, 136), puma (n= 15, 84) and finally coyote (n= 12, 22). 
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This study detected 73% of known (listed) mammals in the study area (excluding 

bats), equal to the percent of mammals detected from soil eDNA, but greater than 

detected of the camera trap array (59%). Through our diet analysis, we found five species 

undetected by the camera traps that were small mammals (Thomomys sp., Scapanus 

latimanus, Peromyscus spp., and Arvicolinae), two large mammals undetected by the soil 

eDNA survey (Ondatra zibethicus and Procyon lotor), and an additional two species 

previously not known from JRBP (Mus musculus and Sus scrofa) (Figure 4). These two 

species, the house mouse (Mus musculus) and feral pig (Sus scrofa), are not known to 

inhabit the preserve, suggesting that consumption of these prey may have taken place 

outside the preserve.  

The camera trap and soil eDNA survey both captured two species that were not 

found in the diets of the four predators: opossum (Didelphis virginiana) and the striped 

skunk (Mephitis mephitis) (Figure 4) (Leempoel et al., 2019, 2020). However, one 

misidentified skunk scat sample was sequenced, which we included in the biodiversity 

assessment. Ground squirrels (Otospermophilus beecheyi) are abundant in JRBP and 

captured by the cameras as prey items, however, were undetected in the fecal or soil 

eDNA. We found that neither this species nor genus were in our 12S database relying on 

GenBank accessions, and thus could not be detected using our methods. The soil eDNA 

study documented two small mammal species not found in this study: the native shrew 

mole (Neurotrichus gibbsii) and non-native brown rat (Rattus norvegicus).  

When we include both plant genera and mammal mOTUs, we found that 32% of 

our mOTUs have not been recorded at JRBP previously, comprising identified plant 

species (41/77), genera (45/61), family/tribe (13/13) and mammal taxa (17/19) in the diet. 
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These previously unrecord species could be new species to the reserve, or our study 

species may be going beyond the reserve to forage. It is also possible that detection of 

these new taxa is caused by poor resolution or errors in the GenBank database, or 

unknown sequencing errors. To be more conservative with the mOTU identification, we 

collapsed each plant species to the genus-level, which revealed that 71% (84/119) were 

on the JRBP plant list. 

4 | DISCUSSION 

Studies of multitrophic interactions and ecological network analysis are 

increasingly being used to monitor biodiversity and trophic interactions (Compson et al., 

2019), but the fundamental assessment and quantification of these interactions are 

challenging. We assembled a real-world, high-resolution multitrophic food web (Figure 

3), demonstrating that molecular ecological network analyses (MENA) from readily 

available fecal environmental DNA (eDNA) provides a powerful assessment of an 

ecosystem. MENA identified the plant and mammal diet composition for six large 

mammals across three feeding guilds, accurately capturing the biodiversity of the area 

and characterizing the trophic structure and interaction patterns within the community at 

an exceptional taxonomic resolution, thereby improving traditional food web analysis and 

biomonitoring. Although previous studies have validated the use of DNA metabarcoding 

(Roslin et al. 2019), and created bipartite networks (Kartzinel et al., 2015; Pansu et al., 

2019) or even a network of networks (Clare et al., 2019), few studies have yet 

characterized multitrophic networks with high taxonomic resolution, to characterize the 

extent of indirect links in a terrestrial system.  
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4.1 | Assessing Community Structure & Keystone Species 

Food web structure is one mechanism to examine ecosystem organization 

(Allesina et al., 2009; Saint-béat et al., 2015; Monteiro and Faria, 2016) and is key in 

forecasting the effects of trophic degradation on ecosystem function (Duffy et al., 2007; 

Estes et al., 2011b; Naiman et al., 2012), however is often underutilized in 

bioassessments. The structure of the multitrophic network of Jasper Ridge Biological 

Preserve (JRBP) was found to be significantly more modular and non-nested. This 

highlights the presence of discrete groups of predators and prey that are strongly 

connected among each other and less tightly with other groups. The highly modular 

community indicates that disturbances (e.g., defaunation and local extinctions) would 

spread more slowly throughout the multiple smaller communities (Tylianakis et al. 2010). 

The most connected species within each hub or module were, in order of connectance, 

deer, jackrabbit, gray fox, and coyote. The non-nestedness of this food web indicates low 

niche overlap among consumers and thus a more stable coexistence (Kondoh et al., 

2010).  

The centrality metrics we chose identified a list of candidate keystone species that 

play a functional role in the food web dynamics (Power et al., 1996; Delmas et al., 2019). 

Studies have shown that the removal of such keystone species or nodes with a high 

centrality value collapse the network (Allesina et al., 2009), thus should be prioritized for 

monitoring to avoid cascading extinctions within an ecosystem (Dunne et al., 2002). 

Within Jasper Ridge, we identified species contributing most to supporting higher trophic 

levels, such as the oaks, plantains, and fleshy fruit bearing shrubs/trees being 

fundamental to the herbivore and omnivore community and the deer, jackrabbit, vole, and 
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squirrel are primarily supporting the predator community (Supplementary Table S9). 

Accurately identifying the diets of these key prey within the system will contribute to the 

mapping of ecological feedback loops, allowing for quantitative vegetation projections 

(Bowman et al., 2015). For example, the two focal herbivores of this study were the most 

frequently consumed prey species, and had the widest niche breadth and most diverse 

diets. If we focused exclusively on the frequency of functional group occurrence in the 

diet, we might infer that the three plant groups were consumed equally among both 

herbivores, however, when considering the mean abundance of reads within the diet, we 

see a much different conclusion (Figure 1 and Table 3). We find that both species are 

feeding on a broad variety of plant taxa, the deer are consuming mostly woody vegetation 

(trees & shrubs) and the jackrabbit more herbaceous plants. Consequently, despite the 

high overlap of mOTUs consumed by the herbivores, the impact on the vegetation from 

the removal or introduction of a prey-specific predator (e.g., puma consume mostly deer, 

whereas gray fox consumes more rabbits) is expected to be markedly different (Figure 

2B). With our fine-scale understanding of the diet selection by these herbivores and 

identified keystone species, we can now better predict the impact fluctuating predator 

populations may have on this ecosystem.  

 

4.2 | Patterns of Trophic Interactions 

Our MENA framework provides a real-time assessment of empirical species 

interactions and a technique to quantify and predict the patterns of trophic interactions. 

Trophic interactions in food webs are, however, often modeled through species traits 

(McGill et al., 2006; Gravel et al., 2013), for example body mass, where predator and 
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prey body masses scale with each other in natural food webs (Brose et al., 2019). This 

predator-prey mass ratio (PPMR) is often a driver of the patterns and strength of trophic 

interactions within a food web, in turn contributing to food web stability (Emmerson and 

Raffaelli, 2004; Brose, 2010). To be confident in the identified species interactions and 

trophic patterns, we confirmed that the predator and prey body masses scale with each 

other in JRBP, adding validity to this method and allowing for stronger predictive 

modeling in the future (Brose et al., 2019). As expected according to recent results 

(Allen, 2014), we found the largest predator in the region, the puma, predominantly 

consumed deer and other large mammals (including coyote), supplemented with small 

mammals. The smaller mesopredators, bobcat and gray fox, had a similar diet richness to 

the puma, but primarily consumed small mammals, similar to diets observed nearby in 

the Santa Cruz Mountains (Table 2 and Figure 2A) (Smith et al., 2018).  

 We captured the same hierarchical patterns through network motifs as the long-

term camera trap study, where the natural reoccurrence of puma to JRBP triggered a top-

down effect on mesopredators and herbivores (Leempoel et al., 2019). Network motifs 

are the basic building blocks of communities and can be identified as overrepresented 

patterns throughout the network. Here we focused on the three most informative patterns: 

tri-trophic chains, exploitative competition, and omnivory (Milo et al., 2002; Stouffer and 

Bascompte, 2010; Paulau et al., 2015; Delmas et al., 2019). Within the JRBP food web, 

tri-trophic chains and exploitative competition patterns were significantly 

overrepresented compared to chance expectation. These motifs may emerge through the 

functional importance of these direct and indirect interactions within the assembly of this 

ecological network. In fact, the prevalence of tri-trophic chain patterns indicate that the 
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removal or reintroduction of top predators would trigger a trophic cascade within this 

community, directly affecting not only their prey but also, indirectly, the plant 

communities on which the prey feed. Projecting the long-term consequences of these 

trophic cascade motifs, we predict that the recent resurgence of puma population may 

positively affect the woody vegetation, favoring forest regrowth and benefiting the 

overall ecosystem function. 

Exploitative competition predicts indirect links between predators consuming the 

same resources and may lead to resource exclusion by some of these competitors, results 

that are concordant with the decrease in coyotes following an increase in pumas in the 

study area (Leempoel et al., 2019). These predicted network responses are also supported 

by the significant niche overlap of the omnivorous coyote and gray fox diets and the 

subsequent predator release of gray fox that occurred at JRBP due to the exclusion of 

coyote by puma (Leempoel et al., 2019). This suggest the small overlap between the 

puma and coyote diets is driven by interspecific competition and resource partitioning, 

while the larger overlap of the bobcat and gray fox diet points to limited competition and 

a sharing of resources (Gotelli and Graves, 1996). Although omnivory patterns were not 

significant within this network, among the six mammals we studied, the gray fox was 

responsible for 58% of omnivore motifs within the food web. Since omnivory is 

significantly reduced without fox, it is possible that a future change in the fox population 

would shift the prevalence and importance of omnivory within the community. Taken 

together, our results suggest that the JRBP food web is favoring the persistence of apex 

predators, despite the consequences of exploitative competition, and is enhancing the 

regulation of herbivores and the survival of identified key woody and herbaceous 
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vegetation. We can then generate expectations about the impacts of shifting community 

dynamics, which would provide a framework for management decisions. 

4.3 | Capturing Biodiversity with MENA 

This study showcases the value of non-invasive fecal eDNA surveys as a 

biodiversity assessment tool, highlighted by the depth of biodiversity captured and the 

greater insight into the ecology of species and their interactions. We identified a rich 

diversity of plant and mammal mOTUs, classifying 91% to the genus or species level 

(Supplementary Table S2), allowing for high-resolution assessments of species dietary 

richness, niche breadth and overlap, and diversity of the community. To the best of our 

knowledge, this is the first published molecular analysis of gray fox, coyote and black-

tail jackrabbit plant diets. Our approach revealed a much wider diet breadth of plants than 

previously recorded for gray fox (107 mOTUs), jackrabbit (97) and, to a lesser extent, 

coyote (24). Microhistological identification techniques used to determine fox diet found 

only 4 – 20 different plant species (Wilson and Thomas, 1999; Cunningham et al., 2006), 

whereas we identified 61 different genera, tripling previous estimates. We identified 65 

plant genera within the black-tailed jackrabbit diet at this site, while previous 

morphological studies only identified 14 -32 plant species across numerous sites and 

habitats (Fagerstone et al., 1980; Wansi et al., 1992).  

We compared MENA to the plant and mammal species list of Jasper Ridge, and 

two concurrently run surveys, soil eDNA and camera traps (Leempoel et al., 2020), to 

determine its effectiveness. Although this is just a subset of the larger biodiversity 

network in this protected area (e.g., other mammals, microorganisms, birds, pollinators), 

fecal eDNA detected a greater number of mammal species over a shorter period of time 
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than the dense array of camera traps (4 cameras/km2) and a greater number of species 

than the soil eDNA (Figure 4). Two species, the possum and skunk, were not found in the 

fecal eDNA sampled diets, although we did collect a skunk scat (initially misidentified as 

gray fox) and so included skunk in the biodiversity assessment. Puma have previously 

been identified consuming both skunk and possum on camera traps, and the populations 

of both have declined since puma returned (Leempoel et al., 2019). The low abundances 

of these species could explain their absence from scat samples over the scat collection 

period. Fecal eDNA identified a significant proportion of the known small mammal 

community, which were not detected by the camera trap survey. Camera traps are set up 

to survey either medium to large mammals or small mammal communities, but seldom 

both. Accurate identification from images is also challenging (De Bondi et al., 2010; 

Meek and Pittet, 2012; Meek et al., 2013), and consequently, small mammals are often 

left out of camera trap biodiversity studies, or are poorly distinguished, yet they are 

important indicators of ecosystem health (Rowe et al., 2014). The soil eDNA detected the 

same small mammals as fecal eDNA, however, did not detect some of the larger 

mammals that occur at low occupancy in JRBP, including raccoon and muskrat. Also 

notable, the positive correlation between scats and camera-trap images suggests that scat 

collection may also be used as an indicator of relative abundance for these species, 

similar to previous studies on Iberian lynx (Garrote et al., 2014) and jaguar abundance 

(Sollmann et al., 2013). 

Fecal eDNA provides a perspective of a system through a species lens, rather than 

that of a predefined human boundary – often used to delimit conventional surveys or 

assessments. For example, the diet of plants is representative throughout a herbivores 
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range, rather than just that recorded in JRBP (29% of mOTUs genera were previously 

unrecorded in JRBP). MENA can also be deployed for the early detection and monitoring 

of non-native species that are occurring within the animal’s range (e.g., two prey items 

never before recoded within JRBP). For example, the presence of feral pigs (Sus scrofa) 

in the puma diet is an early sign that this highly invasive and destructive species ($1.5 

billion in economic damage to U.S. agriculture and environment annually (Finzel and 

Baldwin, 2015)) is moving into the region, as the nearest known records are 15km+ from 

the study area.  

4.4 | Current Limitations of MENA  

Molecular biodiversity assessments can only be as good as the reference database 

on which they rely for species identification. A good example of this is ground squirrels 

(Otospermophilus beecheyi), an abundant species in JRBP that we know is frequently 

preyed upon from photographic evidence. Ground squirrels were not detected in the diet 

of our four-predator species and the concurrent eDNA soil study because it was not in our 

12S mtDNA database. This highlights the importance of collaborative initiatives, such as 

The Bar Code of Life data system (Ratnasingham and Hebert, 2007), to increase 

reference library coverage and database capacities. Only with a comprehensive database 

can we thoroughly assess the biodiversity of an area using a metabarcoding approach, 

especially in regions that have been historically understudied (Bush et al., 2019).  

Due to the sensitivity of eDNA, it is important to be aware of confounding 

factors. For example, we identified bobcat and gray fox DNA in many of each other’s 

scat samples. We have evidence from camera traps that these species countermark one 

another (urinate and defecate on scats from the other species), and it is highly unlikely 
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that they are consuming each other. Therefore, it is important to know the behavioral 

ecology of a study species, to rule out possible cross-contaminations, while at the same 

time exploring the possibility of novel and poorly recognized interactions. A second 

example is wind-dispersed plant spores that could seasonally contaminate scat samples. 

We considered possible contamination from Deodar Cedar (Cedrus deodar) pollen as it is 

released in the autumn (September – October) (Sharma and Khanduri, 2012). However, 

Deodar occurred in less than half of the samples from species consuming plants. It is 

possible they were consuming the seed-producing cones that were readily available. A 

third consideration is that the prey’s diet (via the gut contents) could be represented in a 

predator’s molecular diet analysis. It is not yet feasible to detect this, however, we did not 

have positive PCR results for plant DNA in the majority of the predator scats, possibly 

due to the larger fragment size (200 – 387 bp) of the ITS2 amplicon region that we used 

(Moorhouse-Gann et al., 2018). Regardless, as a bioassessment of the region, the 

identified plants were either consumed by the omnivores directly or indirectly and thus 

still part of the functional system. Studies reviewing these and other limitations of these 

techniques should be considered prior to bioassessments (Clare, 2014; Alberdi et al., 

2018; Pawlowski et al., 2018; Delmas et al., 2019; McGee et al., 2019; Ruppert et al., 

2019; Zinger et al., 2019). 

4.5 | Conclusion  

We have demonstrated that MENA is a promising tool for monitoring 

biodiversity, unveiling and understanding multitrophic interactions and community 

structure, and identifying key and vulnerable species within a terrestrial system. Only 

when we know what species are present and understand their function in the ecosystem, 
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will we be equipped to protect and holistically manage these systems. The consequences 

of ecological network rewiring are drastic (Olivier et al., 2019), and the current rapidity 

of changes to ecological networks makes it difficult to detect and respond. By repeating 

MENA, temporal changes can be quickly identified and tracked. For example, the impact 

of wildlife reintroductions or changes in wildlife abundance and occupancy can be 

tracked and assessed through MENA and fed back into adaptive management plans to 

monitor for predicted impacts (Pires, 2017). Here we have explored MENA using a few 

mammal species scats on three trophic levels, but future assessments could drastically 

broaden the picture by including more vertebrates, invertebrates, and interaction types 

that also include pathogens and parasites. The non-invasive and quick turn-around of 

MENA, along with the decreasing costs of HTS, will accelerate its implementation at 

local and global scales (Ruppert et al., 2019).  
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5 | TABLES & FIGURES  

 
Table 2-1 Guild assignment 

A priori guild assignment according to the plant and mammal DNA, represented as the 

percent of samples that contained only mammal, only plants, and both. The final sample 

size of sequenced samples is represented in brackets (). 

 

 
 

Focal Species Common name A priori guild 
assignment Mammal Mammal & 

Plants Plant

Puma concolor Puma Carnivore 100% (12) - -
Lynx rufus Bobcat Carnivore 100% (19) - -

Canis latrans Coyote Omnivore 67% (6) 22% (2) 11% (1)
Urocyon cinereoargenteus Gray Fox Omnivore 25% (12) 38% (18) 38% (18)

Odocoileus hemionus Black-tailed Deer Herbivore - - 100% (12)
Lepus  californicus Black-tailed Jackrabbit Herbivore - - 100% (13)
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Table 2-2 Mammal diet mOTUs 

Mammal diet mOTUs found within scats from four predator species collected from JRBP, expressed by the Count (number of scats 

containing prey species); FOO (frequency of occurrence = number of occurrences / total scat sample size); POO (percentage of 

occurrence = number of occurrences / total number of prey species across all samples); and RRA (mean relative read abundance = 

number of reads per species / total number of reads per scat sample). 

 

Count FOO POO RRA Count FOO POO RRA Count FOO POO RRA Count FOO POO RRA
Canis latrans Coyote Canidae 1 0.08 5.9% 0.08 ± 

0.08
0 - - - 0 - - - 0 - - -

Odocoileus hemionus Black-tailed 
Deer

Cervidae 7 0.58 41.2% 0.58 ± 
0.14

2 0.11 6.3% 0.02 ± 
0.02

1 0.13 2.6% 0.09 ± 
0.09

1 0.03 0.3% 0.03 ± 
0.03

Ondatra zibethicus Muskrat Cricetidae 1 0.08 5.9% 0.0 ± 0.0 0 - - - 0 - - - 0 - - -

Lepus cf. californicus Black-tailed 
Jackrabbit

Leporidae 0 - - - 2 0.11 6.3% 0.1 ± 
0.06

4 0.50 10.3% 0.37 ± 
0.15

0 - - -

Procyon lotor Racoon Procyonidae 1 0.08 5.9% 0.08 ± 
0.08

0 - - - 0 - - - 0 - - -

Sus scrofa Wild Boar Suidae 1 0.08 5.9% 0.0 ± 0.0 0 - - - 0 - - - 0 - - -

Arvicolinae Vole Cricetidae 1 0.08 5.9% 0.08 ± 
0.08

8 0.42 25.0% 0.26 ± 
0.09

1 0.13 2.6% 0.1 ± 0.1 8 0.27 2.8% 0.24 ± 
0.07

Neotoma cf. fuscipes Dusky-Footed 
Woodrat

Cricetidae 0 - - - 5 0.26 15.6% 0.16 ± 
0.08

0 - - - 6 0.20 2.1% 0.19 ± 
0.07

Peromyscus spp. Deer Mouse Cricetidae 0 - - - 0 - - - 0 - - - 5 0.17 1.7% 0.08 ± 
0.04

Thomomys cf. bottae Botta's Pocket 
gophers

Geomyidae 1 0.08 5.9% 0.0 ± 0.0 4 0.21 12.5% 0.15 ± 
0.08

0 - - - 1 0.03 0.3% 0.0 ± 
0.0

Sylvilagus b. 
macrorhinus

Brush Rabbit Leporidae 1 0.08 5.9% 0.08 ± 
0.08

4 0.21 12.5% 0.17 ± 
0.08

0 - - - 4 0.13 1.4% 0.07 ± 
0.04

Mus musculus House Mouse Muridae 1 0.08 5.9% 0.0 ± 0.0 2 0.11 6.3% 0.02 ± 
0.02

0 - - - 2 0.07 0.7% 0.03 ± 
0.03

Neotominae Woodrat/Deer 
Mouse

Neotominae 1 0.08 5.9% 0.0 ± 0.0 2 0.11 6.3% 0.05 ± 
0.05

0 - - - 8 0.27 2.8% 0.18 ± 
0.06

Sciurus spp. Tree Squirrels Sciuridae 0 - - - 1 0.05 3.1% 0 ± 0 0 - - - 0 - - -
Sciurus niger Fox Squirrel Sciuridae 1 0.08 5.9% 0.08 ± 

0.08
2 0.11 6.3% 0.02 ± 

0.02
2 0.25 5.1% 0.05 ± 

0.05
1 0.03 0.3% 0.01 ± 

0.01
Scapanus latimanus Broad-footed 

mole
Talpidae 0 - - - 0 - - - 3 0.38 7.7% 0.16 ± 

0.1
4 0.13 1.4% 0.13 ± 

0.06

Large 
Mammals

Small 
Mammals

Bobcat (n=19) Coyote (n=8) Gray Fox (n=30)Functional 
Group mOTUs Common 

Name Family Puma (n=12)
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Table 2-3 Diet composition of six focal species 

Diet composition of six focal species, described at the functional groups of plants and mammals consumed and expressed by the 

Count, FOO, POO, and RRA. Gray fox and coyote had a combination of plant and mammal species in their diets, but RRA was  not 

calculated together because of differences in the primers used. 

 

 
 

Count FOO POO RRA Count FOO POO RRA Count FOO POO RRA Count FOO POO RRA
Grass 11 0.85 31% 0.02 ± 0.01 12 1.00 34% 0.12 ± 0.07 15 0.42 20% 0.04 ± 0.04 1 0.33 17% 0.01 ± 0.01
Herb 12 0.92 33% 0.61 ± 0.1 12 1.00 34% 0.21 ± 0.07 25 0.69 33% 0.1 ± 0.04 2 0.67 33% 0.06 ± 0.05

Woody 13 1.00 36% 0.36 ± 0.1 11 0.92 31% 0.66 ± 0.09 35 0.97 47% 0.84 ± 0.06 3 1.00 50% 0.92 ± 0.07

Large Mammals 9 0.75 64% 0.74 ± 0.13 4 0.21 18% 0.13 ± 0.07 1 0.03 3% 0.03 ± 0.03 5 0.63 50% 0.59 ± 0.17
Small Mammals 5 0.42 36% 0.25 ± 0.13 18 0.95 82% 0.86 ± 0.07 29 0.97 97% 0.96 ± 0.03 5 0.63 50% 0.40 ± 0.17

Functional 
Groups

Jackrabbit (n = 13) Deer (n = 12) Gray Fox (n = 36) Coyote (n = 3)

Puma (n = 12) Bobcat (n = 19) Gray Fox (n = 30) Coyote (n = 8)
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Figure 2-1 Diet functional groups 

Mean percentage ± SE of the relative read abundance per species per diet functional 

groups. The two omnivores (coyote and gray fox) have two columns representing both 

their plant and animal diets. The panel represents the percent of total plant genera reads 

identified in the diets of herbivore and omnivores within JRBP, showing only genera that 

comprised 1% or more of the diet.  
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Figure 2-2 Diet ecology of six mammal species 

Diet ecology of six mammal species on Jasper Ridge Biological Preserve. Principal 

component analysis (PCA) biplot of the mammal (n=16) and plant (n=196) taxa 

frequency of occurrence within fecal samples of the (A) predators (puma, coyote, bobcat, 

gray fox), showing the position of consumer in relation to the different prey items; and 

(B) herbivore (deer, jackrabbit) and omnivore (coyote, gray fox) (taxa names removed for 

clarity). Explained variances of the two principal components are shown in brackets. (C) 

Box-plots alpha diversity indices of Shannon diversity (F2,110 = 29.65, p <0.0001) in diet 

across fecal samples from the carnivore, omnivore and herbivore trophic level in JRBP. 

Lines in boxes are medians, box ends are quartiles, whiskers show ranges, and o indicates 

outliers. (D) Patterns of niche space across the six different focal species using non-

metric multidimensional scaling (nMDS) for Bray-Curtis dissimilarity of frequency of 

occurrence data showing dissimilarity of carnivore (blue), omnivore (orange), and 

herbivore (yellow) diets. The distance between points represents the level of difference. 

The closer the species in the graph, the higher their similarity. 
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Figure 2-3 Molecularly constructed food web of JRBP 

A subset of the molecularly constructed food web of JRBP targeting the diets of black-tailed 

jackrabbit, black-tailed deer, gray fox, coyote, bobcat, and puma (*) represented by 170 nodes 

and 310 interactions. (A) Nodes are representing the predator – prey mOTUs and are color coded 

according to their functional group. The size of the node is proportional to the number of links 
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connected (in-degree), and the width of the link is proportional to the frequency of occurrence the 

prey item was found in the diet across scat samples. The curve of the edge is always in a 

clockwise direction representing a weighted link from the consumer to the food item. All of the 

mammal mOTUs have been labeled, along with the most consumed plant mOTUs. (B) The colors 

in the scaled network represent the four different modular communities detected within the JRBP 

community and the icon represents the key species within each module. 
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Figure 2-4 Comparison of methodologies 

Venn diagram between species recorded by camera traps, and species detected with soil 

eDNA and fecal eDNA both using the mtDNA 12S metabarcode. Scientific names are 

given at the maximum rank reached with each metabarcode. Species known to be present 

in the study area are in black. Species absent from the study area but detected with fecal 

eDNA are in gray (figure modified from Leempoel et al., 2020a). 
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Chapter 3 Diet DNA reveals novel African Forest elephant 

ecology on the grasslands of the Congo Basin 

The paper was originally published in the journal Environmental DNA and the full 

citation to the article is: Meyer, J. M., Honig, N., and Hadly, E. A. (2022). Diet DNA 

reveals novel African Forest elephant ecology on the grasslands of the Congo Basin. 

Environ. DNA, 1–22. doi:10.1002/edn3.296. 
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ABSTRACT  

Elephants are essential ecological engineers, creating and maintaining landscape 

structure and ecosystem function. The recently distinguished and critically endangered 

forest elephant is currently classified as a selective, non-destructive frugivorous browser 

that maintains forest diversity, while the savanna elephant is a mixed feeder, often 

pushing over trees while maintaining grasslands. The presence and diets of forest 

elephants on grasslands and the potential maintenance of these systems remain largely 

unexplored. In the ecotone between the Guinea-Congolian forest and Sudanian-Guinean 

savanna ecosystems in Garamba National Park, DRC, we investigated forest elephant diet 

selection as a function of sex, age, and habitat using diet DNA (dDNA) metabarcoding of 

non-invasively collected dung. GPS collar data were used to determine annual habitat 

use. Dietary niche partitioning was assessed among megaherbivores in the grasslands. 

Fecal samples represented the diet of individuals within each habitat, providing valuable 

insight into the plant diversity. Ecological patterns of diet were also revealed using a 

taxonomically-free exact sequence variance approach, highlighting usability in a poorly 

characterized region. In the early wet season, these typically frugivorous forest elephants 

were consuming mostly grasses in both the woodland and grassland habitats and showing 

no sexual dimorphism in diet selection when in the same habitats. However, males were 

greater risk-takers, entering the human-altered landscape to forage on fruit. The forest 

elephants play a distinctive role within this tropical grassland when compared to other 

megaherbivores and utilize the unique ecosystem throughout the year. This elephant 

population is exhibiting behavioral plasticity and shifting their gardening efforts to a 

novel resource in the grasslands as opposed to their standard role in the forests, which is 

key to understanding their impact as ecosystem drivers within this landscape. This shift in 

behavior may result in this recovering elephant population playing a functional role in the 

restoration and maintenance of these grasslands. 

Keywords: Behavioral plasticity, Diet DNA (dDNA) metabarcoding, Grasslands, 

Loxodonta cyclotis ecology, Megaherbivore niche partitioning, Non-invasive, Sexual 

dimorphism  
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1 | INTRODUCTION 

Elephants engineer diverse biomes, from tropical forests to arid savannas, by 

creating and maintaining landscapes, altering vegetation structure, and contributing to 

ecosystem function at various scales (Coverdale et al., 2016; Poulsen et al., 2018a; 

Berzaghi et al., 2019). However, the two African elephant species are different in their 

manner of ecosystem engineering. The recently distinguished forest elephants Loxodonta 

cyclotis (Gobush et al., 2021b) are selective non-destructive browsers, targeting fruits 

mostly and having little effect on tree size and demography while maintaining the forest 

diversity (Campos-Arceiz and Blake, 2011; Cardoso et al., 2019). In contrast, savanna 

elephants Loxodonta africana are mixed feeders (grazers and browsers), notably 

destructive to even large older trees, by pushing them down, browsing them, and thus 

facilitating open savannas (Ripple et al., 2015; Morrison et al., 2016). As large 

monogastric hindgut fermenters, elephants cannot digest cellulose as efficiently as 

ruminants and seeds can pass through their digestive system, facilitating germination 

(Campos-Arceiz and Blake, 2011; Sekar and Sukumar, 2015; Beirne et al., 2019). As 

such, the frugivorous forest elephant is considered “forest gardeners” (Campos-Arceiz 

and Blake, 2011), consuming more seeds from more species and dispersing them longer 

distances than most mammals in Africa, playing a fundamental role in maintaining forest 

diversity (Blake et al., 2009; Cardoso et al., 2019).  

Although elephants are the quintessential ecosystem engineers of Africa, the 

forest elephant was recently identified as Critically Endangered and the African savanna 

elephant as Endangered on the International Union for Conservation of Nature (IUCN) 

Red List of Threatened Species (Gobush et al., 2021a, 2021b). The cascading impacts 
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this loss has had and will continue to have across the African continent, and on a global 

scale through loss of carbon stocks (Poulsen et al., 2018a; Berzaghi et al., 2019), is not 

easy to predict because each species performs very different engineering and foraging 

roles in their preferred habitat (Bello et al., 2016; Cromsigt et al., 2018; Poulsen et al., 

2018a; Chami et al., 2020). Now that the forest and savanna elephants are protected as 

separate species with very different population doubling times (60 years and 20 years, 

respectively) (Turkalo et al., 2017), we need to better understand the lesser-known forest 

elephant ecology to help drive their recovery. 

While the diet of savanna elephants has been well documented (Greyling, 2004; 

Codron et al., 2006), that of the forest elephant is less known across different habitats. 

Almost all forest elephant diet studies have been conducted in West and Western-Central 

Africa and found them to only consume browse and fruit (White et al., 1993; Danquah 

and Oppong, 2006; Blake et al., 2009; Campos-Arceiz and Blake, 2011). One study 

reports grass in all fecal samples of forest elephant in Cameroon, however, only visually 

identifying content (Tchamba and Seme, 1993), while another in the Ivory Coast, found 

only one grass species out of 147 food plants in their diet, showing active avoidance of 

grass (Theuerkauf et al., 2000). Thus, further work and a more robust method, such as 

DNA metabarcoding, may aid in exploring the diet of forest elephants across its 

geographic range.  

 Diet DNA (dDNA) metabarcoding (i.e., environmental DNA approach that uses 

DNA extracted from feces (de Sousa et al., 2019)) is a powerful tool to infer ingested 

plants and prey (Ji et al., 2013; Clare, 2014) and to assess biodiversity and species 

interactions (Meyer et al., 2020) as it provides higher resolution, is more accurate, and 
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reduces time and costs.  Although used in other herbivores, including savanna elephants, 

(Soininen et al., 2009; Czernik et al., 2013; Kartzinel et al., 2015; Iwanowicz et al., 2016; 

Erickson et al., 2017), this technique has not been used for a forest elephant diet analysis.  

Forest elephants reside in difficult to study regions, and the representation of fauna and 

flora species in the database is most likely limited (Elbrecht et al., 2017). However, we 

can still identify ecological patterns through the taxonomic free assessment (Tapolczai et 

al., 2021) and the diversity of species captured in the database. 

Better understanding the forest elephant’s relationship with its ecosystem and 

drivers of behavior will strengthen efforts in protection. The tropical biomes of Africa 

have shaped, and in turn been shaped by, the social structures of forest and savanna 

elephants (Goldenberg et al., 2020). The co-dependence of plants and animals is 

strikingly clear when observing the distribution of the two African elephant species, most 

likely playing an adaptive role on parental care and social structure (Royle et al., 2012). 

While savanna elephants move in large groups (35-100+) (Archie et al., 2006; Poole and 

Moss, 2008), the social structure of the forest elephant rarely exceeds the core unit of a 

mother and one to two of her calves (Goldenberg et al., 2020), ranging from two to 11 

individuals (Turkalo and Fay, 2001). The small groups create well-worn trails through the 

dense forests, where they repeatedly browse from large fruiting trees and shrubs, 

converging occasionally in forest openings called bais (natural forest clearings) (Turkalo  

and Fay, 1995).  Unlike the matriarchal savanna elephant, in which only males disperse 

from their natal herd, both sexes disperse; forest elephant males at a similar age to 

savanna elephants (13 to 17 years old), while females leave their maternal group at first 

pregnancy, around 20 to 23 years of age (Fishlock et al., 2008; Turkalo et al., 2013, 
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2018). These differences might also lead to dissimilarities in ecological segregation such 

as habitat use and diet selection.  Understanding the effect of sex, family group size, and 

preferred diet on the vegetation occupied by the lesser studied forest elephant, and vice 

versa is important and under-investigated.  

Different energy requirements based on sex-related differences in body size and 

reproductive demands, i.e., gestation, lactation, and musth (i.e., rut-like state in males), 

often lead to distinctions in plant selection and habitat use between the sexes of sexually 

dimorphic species. Only one study of forest elephants looked at the sexual difference in 

movement patterns and found males to have a much larger home range than females, as 

expected; however, the study revealed no difference in habitat use (Mills et al., 2018). 

The mechanisms driving sexual segregation are important for the conservation of 

sexually dimorphic species such as elephants (Shannon et al., 2008). However, to date, 

this has only been assessed in savanna elephants showing differences in diet and habitat 

use (Stokke and Du Toit, 2000; Greyling, 2004; Shannon et al., 2008, 2013; Woolley et 

al., 2009) and all diet studies of forest elephants have ignored the distinctions in food 

choice arising from differences in sex and age.  

The climate and human-induced merging of the unusual ecotone between the 

Guinea-Congolian forest and Sudanian-Guinean savanna ecosystems in the Democratic 

Republic of Congo (DRC) makes the Garamba National Park Complex a unique study 

area to address diet selection of forest elephants in different habitats, as they spend time 

in both the woodlands and open savanna grasslands (de Merode et al., 2007). 

Unfortunately, poaching has impacted this unique population of elephants, declining from 

an estimated 22,000 elephants in 1976 (Hillman-Smith et al., 2014) to the current 
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population of ~800-1000 (African Parks aerial survey report 2019). With the support 

from the NGO African Parks Network and Congo government, biodiversity in general 

within Garamba NP is finally starting to recover from its lowest point in history, having 

lost more than >95% of its megaherbivore biomass (see Figure S1 in Supporting 

Information). Not only did this unusual savanna-tropical forest ecotone contain the 

highest density of elephants in the Congo Basin historically, but it is also unique for the 

savanna-forest elephant hybrids that were recently identified there (Groves and Grubb, 

2000; Roca et al., 2001a). Subsequent work (Ishida et al., 2011) did not identify F1 hybrid 

genotypes between savanna and forest elephants, suggesting that no recent hybridization 

(past ~40 years) has been occurring and that gene flow between the two species is 

limited. It is not known when the last savanna elephants were present in Garamba NP, 

possibly in the 1950’s (Backhaus, 1958), and the few genetic samples taken 

were primarily forest elephant genotypes with a few hybrids, suggesting that savanna 

elephants are locally extinct and this population is majority forest elephants (Roca et al., 

2015a). Defaunation of elephants across non-forested African landscapes often leads to 

the transformation of grasslands to woodland savannas (Campos-Arceiz and Blake, 

2011), as we are seeing in Garamba NP with a reduced grassland cover from 80% of the 

park in the 1950s to less than 30% in recent years (De Merode et al., 2000; Hillman 

Smith et al., 2014). The approximate 91,438,000 – 150,702,000 kg (~180 - 300 kg/ha) 

reduction in megaherbivore biomass (elephant, giraffe, buffalo, white rhino) since the 

1970s on this savanna grassland would definitely be contributing to this change, along 

with the changes in fire regimes (Landu et al., 2016). Therefore, can the ‘frugivorous’ 

forest elephant actively contribute to maintaining these grasslands?  
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To better understand the presence of elephants in this transitional zone, this study 

aims to investigate the influence of sex, age, family groupings, and habitat type 

(including human-occupied areas) on diet diversity and composition within this 

recovering elephant population. To ascertain whether there is redundancy in the role of 

elephants and other large herbivore species in vegetation choice, we also tested for 

dietary niche partitioning across the savanna grassland of the study area. Although we 

were only able to assess diet in the wet season, we used elephant GPS collar data to 

understand the use of the grasslands throughout the year. Our study is the first to 

investigate forest elephant diet selection strategies as a function of sex, age, and habitat 

using dDNA metabarcoding. Information attained from this study will help inform 

elephant and protected area management strategies, such as the possible need for the 

reintroduction of savanna elephants for the conservation/maintenance of the unique 

grassland in this system.  

2 | MATERIALS & METHODS 

2.1 | Study site 

Garamba National Park (GNP) (~500,000 ha) is in the Haut-Uele Province in the 

north-eastern Democratic Republic of the Congo (DRC), established in 1938 and 

designated a UNESCO World Heritage Site (1984). The Park is continuous with three 

community reserves around most of its boundary (established 1938); Azandes in the 

west, Mondo Missa in the East, and Gangalana Bodio in the south covering an overall 

area of 1,400,000 ha and managed by the African Parks Network (APN) on behalf of the 

Congo government as the GNP Complex (GNPC) (Figure 1). GNPC is within a tropical 
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climate receiving an average of 1500-mm annual rainfall during 9 months of the rainy 

season (March – November) and 3-4 months dry season.  

 Garamba NPC lies in the transition zone between two centers of endemism: the 

Guinea-Congolian forest and Sudanian-Guinean savanna and is one of the WWF/IUCN 

Centers of Plant Diversity (Ref.?). The Park hosts three main biomes: gallery forest with 

forest clumps and marshland, aquatic and semi-aquatic associations, and savannas 

ranging from dense deciduous woodlands to treeless grasslands. The vegetation within 

the park boundary has been modified through man-made fires and high densities of large 

herbivores in the distant past, forming a unique long grass savanna (De Merode et al., 

2000), surrounded by the three reserves consisting of a mosaic of deciduously wooded 

and bushed savanna and forest. GNPC is one of the last strongholds of Sudano-Guinean 

species. It contains the largest number of elephants in the DRC (L. cyclotis; est. pop. 800-

1200), the endemic and critically endangered Kordofan giraffe (Giraffa camelopardalis 

antiquorum; est. pop 55 (D’haen et al., 2019)) and recently lost the last viable natural 

population of northern white rhinoceros (Ceratotherium simum cottoni) in 2005. 

2.2 | GPS collar data 

We used GPS satellite collar location data (hourly) provided by African Parks to 

assess the proportion of time elephants (Female = 27, Male = 3) spent in the different 

habitat types throughout twelve months in 2019. We identified the land cover type using 

the Land Cover Classification System (LCCS) at hourly GPS locations of the collars. 

Following the Land Cover Climate Change Initiative categorizations, we classified 

habitats into three main categories, Forest, Grasslands, and Agriculture.  
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2.3 | Fecal collection 

Forest elephant L. cyclotis, buffalo Syncerus caffer caffer, and giraffe Giraffa 

camelopardalis antiquorum fecal samples were systematically collected along road 

transects, and wildlife trails during a single field season between May and June 2019 

(Table 1).   Elephant satellite collar GPS coordinates were used to determine elephant 

group locations before traveling into the field for targeted fresh fecal collection and to 

avoid non-independent sampling. The samples collected around a 25m radius of collar 

point were labeled as possible “family” group, however, we did not confirm relatedness 

with genetic tests. All elephants are being assessed as forest elephants for this study and 

not hybrids, as hybrids are estimated to be in low numbers. Collection efforts were 

tracked and mapped with GPS and all relevant ecogeographical variables were recorded 

in an ESRI mobile application (Survey123). Collection areas were grouped into three 

categories; Grasslands defined as land covered with grasses and herbaceous plants with 

few trees scattered throughout (Southern section of GNP), Woodlands defined as land 

covered with a mix of grassland and 50% percent tree cover (Azande Hunting Reserve), 

and Human-Altered Landscape (HAL) that consisted of the GNP Headquarters and 

village along riverine habitat housing some unique riparian species.  

To collect dDNA for elephant and buffalo, multiple fecal boluses from the same 

individual were broken open and small samples (~25g) were taken from inside of each 

bolus (to avoid environmental contamination on the outside of the feces) using a gloved 

hand and placed in 35 ml of DESS (20% DMSO (dimethyl sulfoxide), 250mM EDTA, 

Tris, saturated with NaCl) buffer for storage (Wasser et al., 2007). For giraffe fecal 

samples, multiple pellets were collected and homogenized together (fecal pellets were too 
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small to remove feces from the inside) and stored using the same method. All samples 

were collected from fresh fecal samples, noted visually from appearance, or observed 

defecation, except for half of the giraffe samples (all samples were collected due to the 

small population size). These samples were transported to our laboratory in the United 

States with appropriate permissions from the Institut Congolais pour la Conservation de 

la Nature (ICCN). 

2.4 | Fecal dDNA extraction 

All laboratory work was conducted at Stanford University in designated eDNA 

and PCR rooms and surfaces were sterilized with a 10% bleach solution to avoid 

contamination. Fecal samples that were stored in DESS were mixed thoroughly, 

centrifuged and the DESS removed to concentrate the fecal samples to create a "sludge" 

of fecal material and stored at -40°C in triplicates for later extraction. dDNA was 

extracted from fecal sludge (~0.2g) utilizing the Zymo Quick-DNA Fecal/Soil Miniprep 

Kit (Kartzinel et al., 2015), adding an extra Ethanol cleaning step to remove the DESS 

buffer. We conducted all dDNA extractions in a sterilized laminar airflow hood to avoid 

contamination. Samples were processed in small batches (~ 14) with an extraction blank 

to monitor for potential cross-contamination in the laboratory. The eluted DNA was 

quantified using a Nanodrop 2000 (Thermo Fisher Scientific Inc.) and stored at -20°C 

until it was used for PCR experiments. 

2.5 | Elephant sex and age  

To identify the sex of each elephant fecal sample, we amplified the X-Y 

homologs of Amelogenin (AMEL) gene using three primers: the common forward primer 

AMELXY 5'-TTCTGGAATCTGGTTTGAGGCT-3', and the X-specific AMELX-R 5'-
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ATCTTTACAACAAAA CAATTGTTAACCATGCTC-3' and Y-specific AMELY-R 5'-

TCAGATTCAGAGTTTCCTTCA TGCAGTAG-3' reverse primers, following the 

Lohay, (2020) protocol. These primers were found to be more successful than the 

previous methods (Ahlering et al., 2011). We had elephant samples from known sexes to 

test these primers.   

A suitable measurement for estimating age in elephants using dung was 

developed for African savanna (Morrison et al., 2005) and Sumatran elephants (Reilly, 

2002). The mean bolus diameter of dung increases with age, up to a point. We used the 

Morrison et al., (2005) predicted growth curves based on dung bolus diameter for male 

and female elephants to estimate age. Because forest elephants are smaller in height and 

weight than savanna elephants (2-5 tones vs 4-7 tones respectively), we used the female 

curve. We distinguished two age categories: Juvenile (mean dung-bolus diameter <11 

cm) and Adult (>11 cm). 

2.6 | dDNA Metabarcoding  

We used metabarcoding on the extracted DNA to characterize the host diet by 

quantifying large numbers of a short, unique region of DNA extracted from individual 

fecal samples (Pompanon et al., 2012b). We targeted 200 – 387 bp amplicons of the 

second internal transcribed spacer of nuclear ribosomal DNA (ITS2) region for the 

amplification of plants in the diet using primers UniPlantF: 5’-

TGTGAATTGCARRATYCMG-3’ and UniPlantR: 5’-

CCCGHYTGAYYTGRGGTCDC-3’, as they have a taxonomic resolution of 86.1%, 

99.4% and 99.9% at the species, genus and family levels, respectively (Moorhouse-Gann 

et al., 2018; Meyer et al., 2020). All primers were modified with an Illumina adaptor 
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preceding the target primers and separated by 6-N spacers as designed by Ushio et al. 

(2017). The first PCR comprised of 20μL reactions using 10μL GoTaq® Colorless 

Master Mix, 0.6μL (10 mM) of each primer, and 6μL of DNA template and 2 μL of 

water. Thermocycling followed a program of initial denaturing at 95°C for 10 min, 

followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a 2-min 

final extension at 72°C.  

The integrity of DNA amplified by each primer was assessed by gel 

electrophoresis. Specifically, 3 μL of each DNA extract was analyzed in a 2% agarose gel 

and was visualized by UV illumination. If positive, the PCR products were cleaned with 

the Qiagen PCR Purification Kit (Valencia, CA). For the two-step PCR, appropriate 

Illumina barcodes were appended to each sample as an index tag for each unique sample 

(Ushio et al., 2017). The index PCR was performed as a 20 μl reaction: 10 μl of Amplitaq 

Gold360 Mastermix reactions (with 2.5 mM MgCl2,200 lM each dNTP, 0.1 mg/mL 

BSA, 4% DMSO), 1μl (of each primer), 3 μl of purified DNA amplicons and 6 μl of H20. 

Cycling conditions used initial denaturing at 95 °C for 10 min, followed by 12 cycles of 

denaturing at 95°C for 30 s, annealing at 60°C for 30s and extension at 72°C for 10s.  

The second PCR products were quantified using a Qubit fluorometer 

(ThermoFisher Scientific, Waltham, MA, USA) with the dsDNA High Sensitivity Assay 

Kit (Life Technologies Corp., Carlsbad, CA), normalized to equimolar concentrations, 

and pooled together before purification using QIAquick PCR Purification Kit (Qiagen). 

Sequencing was performed on a MiSeq platform using the MiSeq Reagent Kit v3 for 2 x 

300 bp paired-end reads (Illumina, San Diego, CA, USA) and run at the Stanford 
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University PAN Facility. PhiX DNA spike-in control (18%) was added to improve the 

data quality.  

2.7 | Plant ITS2 bioinformatics 

We used Exact Sequence Variants (ESVs), which are considered as unique DNA 

read sequences with variation down to single-nucleotide resolution having biological 

meaning (Hajibabaei et al., 2019). This method offers several advantages for community 

analyses, e.g., better characterization of intraspecific genetic diversity revealing 

community patterns, computational tractability, reproducibility of analysis, and the ability 

to perform meta-analyses across different labs (Mueller et al., 2016; Callahan et al., 2017; 

Elbrecht et al., 2018; Glassman and Martiny, 2018; Porter and Hajibabaei, 2020; 

Tapolczai et al., 2021). 

In this study, sequencing success and read quality were verified using FastQC 

v0.11.8, and reads were demultiplexed by using Illumina-utils v2.6 (iu-demultiplex) 

using default settings. Sequences of each sample were then merged using the -

fastq_mergepairs option in Usearch v11.0.667 (Edgar, 2010). The forward primer (5’-

TGTGAATTGCARRATYCMG-3’) and reverse primer (5’-

CCCGHYTGAYYTGRGGTCDC-3’) for plant ITS2 sequences, were removed using 

Cutadapt v1.18 (Martin, 2011). Cutadapt was also used to discard sequences with lengths 

below 187 bp and above 387 bp for ITS2 sequences. Expected error filtering as 

implemented in Usearch was then used to discard low-quality reads (max_ee=0.5) (Edgar 

and Flyvbjerg, 2015). Instead of OTU clustering, reads affected by sequencing and PCR 

errors were then removed using the UNOISE3 algorithm with an alpha value of 5 (Edgar, 
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2016). This denoising was applied to each sample, and ESVs were compiled including 

sequences and read counts for each sample.  

Taxonomy was assigned to each ESV by mapping them against GenBank 

reference data (Benson et al., 2005) and Jonah Ventures (jonahventures.com) voucher 

sequence records, using usearch_global with –maxaccepts 0 and –maxrejects 0 to ensure 

mapping accuracy. Consensus taxonomy was generated from the hit tables, by first 

considering 100% matches, and then decreasing in 1% steps until hits were present for 

each ESV. In the respective 1% bracket, we used a cutoff for taxonomy present in at least 

90% of the hits, or reported an NA, if several taxa matched the ESV. To reduce errors 

caused by misidentified taxa, the bracket was increased to 2% if matches of 97% or 

higher were present, and no family level taxonomy was returned. ESVs only identified to 

Phylum or Order were removed from the analysis. All ESVs with <10 ITS2 reads were 

excluded from analysis for diet. Non-target ESVs were removed because the ITS2 primer 

is known to amplify fungi and bacteria (Moorhouse-Gann et al., 2018). Finally, all 

sequences with >1% of the total reads in the negative controls were removed from our 

samples (Meyer et al., 2020). 

 The ESVs are assigned to taxonomy based on the reference databases, which are 

often incomplete, especially in remote and poorly sampled areas such as the DRC 

(Elbrecht et al., 2017). Thus, we chose to analyze the data as taxonomy-free post-

filtration of non-target ESVs e.g., fungi and bacteria, to retain poorly identified ESVs 

(Tapolczai et al., 2021). This method allows information on the ecology of sequences 

belonging to the same species and of unassigned sequences to be kept (Tapolczai et al., 

2021), and for more diverse patterns to be identified.  
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To describe the composition in the diet at the taxonomic level (not for the 

taxonomic free analyses), we joined matched ESVs to the same taxa using a match 

criteria threshold of > 90%  base similarity to reference sequences (Hatzenbuhler et al., 

2017; Dunn et al., 2018; Leempoel et al., 2020), making a single molecular unit (da Silva 

et al., 2020). We then labeled them as operational taxonomic units “OTUs” in the study 

for convenience as this term is more commonly used in the metabarcoding literature 

(Minerovic et al., 2020). For example, multiple ESVs were identified to the Echinochloa 

genus, and the reads would be combined to create one unique OTU for this genus.  

2.8 | Diet composition and biodiversity analysis 

All further data processing and statistical analyses were done in R (version 3.5.2). 

We converted the filtered sequence read data into read abundance and occurrence data to 

examine the utility of both data types for food-web construction. As suggested by Deagle 

et al., (2019), we quantify diet composition using Frequency of Occurrence (FOO), which 

is calculated as the number of occurrences divided by the total number of samples and we 

normalized all data by transforming sequence counts into Relative Read Abundances 

(RRA) defined as the proportion of unique Illumina sequence reads in a sample divided 

by the final (i.e., after quality control) number of sequence reads in that sample post-

filtering (Kartzinel et al., 2015). 

OTUs were categorized into plant functional trait groups. Plants were identified as 

Grasses, Herbs, or Woody vegetation (trees and shrubs) through the TRY database 

(Kattge et al., 2020). When the OTUs could not be identified to a single group, they were 

labeled as Unknown. The mean percent of RRA was used to compare diet type (e.g. 

Grass vs. Woody vegetation) among the focal species (Pansu et al., 2019). 
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We determined individual niche breadth by calculating average ESVs or OTUs 

richness per sample and the diversity of diet using the Shannon diversity index (H). 

Shannon diversity accounts for both abundance and evenness of the species present in the 

diet and was calculated for each species’ diet using the vegan package (Oksanen et al., 

2019b). We subsequently computed niche overlap between elephant sexes and among 

species using Pianka’s niche overlap index (Pianka, 1973). 

We used EcoSim null models (version 1; http://grayentsminger.com/ecosim.htm) 

to test whether the extent of niche overlap is greater than expected by chance (Gotelli et 

al., 2015). We generated 1,000 simulated matrices of randomized OTU diet composition, 

using the randomization algorithm 3, where the niche utilization values are reshuffled 

within each row of the matrix to detect non-random niche overlap patterns (Winemiller 

and Pianka, 1990). The observed niche overlap (Ojk) was then compared to the simulated 

niche overlap values (Gotelli et al., 2015). For all pairwise comparisons, we deemed 

niche overlap to be significant when the observed value was greater than at least 99% of 

the simulated values. 

To determine whether the number of collected fecal samples captured enough of 

the diet richness for this study, we used the function specaccum in the R package vegan 

to determine the OTUs accumulation curve (without replacement) (Gotelli and Colwell, 

2001). Occurrence data of OTUs were used without singletons, this allowed for the 

assessment of plants making up most of the diet. 

The relationship of sampling sites, individual elephants (sex, age), and different 

species were visualized using a nonmetric multidimensional scaling (nMDS) based on a 

Bray–Curtis dissimilarity matrix using the RRA data (square root transformed for 
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normality, which is best suited for dDNA metabarcoding data (Laporte et al., 2021)) of 

ESVs and OTUs (permutations = 999, k = 3) (Kartzinel et al., 2015; Casey et al., 2019). 

Permutational multivariate analyses of variance (perMANOVA) were performed with 

999 permutations using the adonis2 function (Anderson, 2017) in the vegan package in R 

to determine any compositional difference in plant taxa identified between habitats, sex, 

age, and focal species. An analysis of multivariate homogeneity of group dispersions 

(betadisper), to evaluate the pattern of dispersion of samples within each category 

(Anderson, 2006). The very conservative Bonferroni correction of the p -values was 

applied to ascertain the contribution of differences seen with the pairwise.adonis 

function. We tested for differences among species, habitat types, and between sexes in 

RRA of ESVs and OTUs in our samples using ANOVAs followed by Tukey Honest 

Significant Difference (Tukey HSD). 

3 | RESULTS 

3.1 | Description of raw data 

We collected a total of 84 fecal samples from three megaherbivores (forest 

elephant L. cyclotis (n=58), buffalo S. c. caffer (n=13), and giraffe G. c. 

antiquorum(n=13), during a rapid collection period in the early rainy season of 2019 

across three habitat types, Grasslands, Woodlands, and a Human-Altered Landscape 

(HAL) (Figure 1). Elephant were the only species found in the Woodlands and HAL, as 

expected. Giraffe inhabit the southern and central savanna grasslands of Garamba NP 

only (De Merode et al., 2000; D’haen et al., 2019), while buffalo S. c. caffer are not 

found in the denser woodlands (African Parks, pers. comm 2019).  
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The average number of GPS locations per elephant throughout 2019 was 6,624 

(min = 2,063; max = 8,737). The movement data revealed that elephants spend on 

average 50 ± 4% of their time in the forests, 45 ± 4% in the grasslands, and 4 ± 0.5% in 

agricultural areas. Elephants are spending around 34 - 62% of their time in the grasslands 

each month, thus highlighting it as a constant resource for this population of forest 

elephants (Figure 1). Because there were only three males collared, we were not able to 

assess sex difference between habitat use.  

Plant diet DNA (dDNA) was successfully sequenced in 80 samples from 57 

elephants across the three habitats, and 12 buffalo and 11 giraffe samples in the 

grasslands (Figure 1, Table 1). dDNA metabarcoding of ITS2 revealed a highly diverse 

taxonomic composition of plants across all focal species. From the 80 samples 

sequenced, a total of 1,202,602 raw reads were generated and 2,762 Exact Sequence 

Variances (ESVs), with 1,110,405 reads and 2,215 ESVs remaining after conservative 

filtration and the removal of one elephant sample for poor quality and inability to identify 

sex (392 ESVs <10 reads) (Table S1 Supporting Information). The average number of 

reads per sample was 13,857 ± 462 SE (min = 1180, max = 23,009). The total number of 

ESVs per sample ranged from 11 – 164, with giraffe showing the lowest richness, 

averaging 51.64 ± 11.02 SE. A total of 188 unique DNA groupings of plant Operational 

Taxonomic Units (OTUs) were identified among all fecal samples, encompassing 22 

orders, 42 families, 122 genera, and 130 species (Table S2 Supporting Information). 

There was only one negative control with reads (45) containing Brassica, no other 

samples had this ESV therefore is being removed. According to the species accumulation 
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curves, the estimated asymptote was reached for each of the species when focusing on the 

OTUs greater than one occurrence (Figure S2 in Supporting Information). 

We recognized a clustering difference in the nMDS plots between the older (± 3 

days) versus fresh giraffe samples that were collected (see Figure S3 in Supporting 

Information). Further investigation revealed Poaceae (grasses) present in the older 

samples of these browsers, likely representing wind-blown pollen deposition on the 

outside of the pellets over time (Kraaijeveld et al., 2015; Meyer et al., 2020). After 

removing Poaceae from the analysis, the giraffe samples clustered together and are 

represented in Table 1 (Table. S1, S2 in Supporting Information).  

3.2 | Elephant diet composition and diversity by habitat, sex, and age 

We identified a total of 1,790 unique plant ESVs, averaging 13,707 ± 290 (SE) 

reads per sample, in the diet of male (n=22) and female (n=34) elephants (Table 2). To 

taxonomically assign ESVs, we included data with a ³90% match to the database, leaving 

1,527 ESVs and 698,829 reads. For ecological analysis, we combined all the ESVs with 

the same taxonomic ID to analyze the plant functional groups and plant diet composition. 

After combining ESVs, there were a total of 173 plant OTUs representing 22 orders, 39 

families, 110 genera, and 117 species (Table 2; Table S3 Supporting Information). 

Within the elephant diets, there was no difference in the total reads per sample among 

habitat or between the sexes (P > 0.05) (Table 2). 

First approaching the diet data through a taxonomic-free lens, we assessed 

variance among habitat type and elephant sex and age through the 1,790 ESVs identified. 

The fecal samples collected from each habitat significantly cluster together in the Brey-

Curtis dissimilarity nMDS plot (Figure 2a). Although elephants travel between habitats, 
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in our study we only found one male elephant sample collected in the woodlands that 

clustered with the savanna grassland habitat, suggesting possible rapid movement 

between the habitats for that individual. There were no female elephant fecal samples 

collected in the human-altered landscape, as expected from rangers reporting only male 

elephant sightings within this area (personal comms.).  

Male and female diets significantly differed across the GNPC, however, when 

accounting for within habitat type, they were consuming similar diets (Figure 2a). 

Interestingly, we observe similar patterns when focusing on the identified plant OTUs 

(Figure 2b), showing no difference between taxonomically-free ESVs and concentrated 

OTUs. We found juveniles (n=10) to be consuming similar diets to the adult females 

(n=29) within the same habitat (Age:Habitat Pseudo-F1,36= 1.45, R2 = 0.31, P = 0.13). 

Dietary diversity and the individual niche breadth were assessed across habitat 

types and between the sexes. The diet in the grasslands and woodlands where richer and 

more diverse than in the human-altered landscape, with no sex differences in the 

woodlands and grasslands (niche breadth: F2,52 = 3.36 P = 0.04; Sex:Habitat F1,51 = 1.26, 

P = 0.27; Shannon’s Diversity F2,52 = 4.09 P = 0.02; Sex:Habitat F1,51 = 0.20, P = 0.65) 

(TukeyHSD = P<0.05) (full list per habitat: Table S4-6 Supporting Information).  

We identified each of the 173 plant OTUs by their functional groups where 

possible. Some OTUs were only identified to the family or genus level, encompassing 

multiple functional groups, and were therefore labeled as unknown. Elephants mostly 

consumed grasses across all habitats, for both males (51%) and females (64%), although 

males consumed significantly more woody vegetation than female elephants (33% vs 

17%) (Figure 3b). Herbaceous vegetation comprised the smallest proportion of the diet 
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(16% for both). The proportion of the diet from each plant functional group is 

approximately aligned with the plant structure of each habitat type (Figure 3a). For 

example, most of the savanna grasslands consist of grasses and herbaceous plants with 

few trees (<5% tree cover), the Woodlands are comprised of both grass and woody 

vegetation, while the HAL habitat is a combination of non-native and native trees and 

riparian habitat. There was no difference between the sexes in their selection of plant 

functional groups within each habitat, however, males were only found in the human-

altered landscape consuming a significant amount of woody vegetation, driving the 

overall difference between the sexes in consumed woody vegetation (P<0.05). Elephants 

consumed more grasses in the savanna grasslands and more woody vegetation in the 

woodlands compared to the grasslands, as expected (P < 0.05) (Figure 3a). Key species 

were identified in each habitat type (Table 3), the full list can be found in Table S4-6 

Supporting Information 

Male and female elephant diet niches do significantly overlap across habitats (Ojk 

= 0.84, P(Obs > null) = 99%), however, we do see some differences in specific plant 

selection (Figure 4). Males consumed plants from ten different family groups that 

females did not, and females only had four different family groups. We compared the 

RRA of plant families that were consumed between the sexes and made up >0.1% of the 

diet (Figure 4a). While both sexes consumed 58% (101 OTUs) of the same plant taxa, 

males ate 28 different OTUs while females ate 44 unique OTUs (Figure 4c), noting the 

differences in sample size for males and females. Of those differences, females consumed 

more different taxa of woody vegetation whereas males chose a varied diet of grasses 
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vegetation (females 22 woody plant taxa compared to 7 for males, 2 vs 7 of grasses, 18 vs 

12 of herbs, and 2 vs 2 of unknown vegetation). 

Our nMDS model demonstrated that families chose a more similar diet to each 

other, compared to other family groups within the same habitat, with Bray-Curtis 

dissimilarity scores significantly clustering for each group (pseudo-F5,41 = 6.3, R2=0.47, 

P>0.001; pairwise Padj > 0.05 for savanna family groups) (Figure 5). Within the 

woodlands, all families are different from one another (P > 0.01), however, not when 

adjusting the p-value as a result of small sample size. 

We wanted to know if elephants were consuming pioneer woody species while in 

the grasslands. These genera include Combretum, Mimosa, Piliostigma, Vitex, 

Terminalia, and Grewia. Across all habitat types, these species made up 8% of the RRA 

of the elephant’s diet, with the majority being consumed in the HAL habitat (61%), 

followed by the grasslands (24%). These species were found frequently in the diet, with 

the mean number of pioneer ESVs per sample in the Grasslands at 2.9 ± 0.2 (SE), 

Woodlands 2.1 ± 0.4, and HAL 5.6 ± 0.3. Piliostigma reticulatum was in 100% of the 

fecal samples collected within the grasslands and Vitex in 60% of the samples.   

3.3 | Megaherbivore niche partitioning  

We assessed the diets of two additional megaherbivores (>1000 kg), the buffalo 

and giraffe, in the GNPC to compare the dietary niche of elephants across habitats and 

within the grasslands. Elephant and buffalo consumed a richer and more diverse diet than 

the giraffe when assessing ecological patterns with ESVs, while the elephant overall 

consumed a greater diversity and on average more plant OTUs (Table 1). 
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We used nMDS to visualize patterns in dietary dissimilarity within and among 

megaherbivores (Figure 6). The diets differed strongly among species, with a minor 

overlap of samples, both across all habitats (Figure 6a, c) and when within the same 

grassland habitat (Figure 6b, d). To elucidate within-guild niche segregation, we ran 

perMANOVA and found that species consume a diet that is significantly more similar to 

conspecifics and less similar to other species for both ESVs and OTUs (Figure 6).  

When using Pianka’s niche overlap, we find the elephant and buffalo diet 

overlapped the most in the grasslands when assessed using OTUs (Ojk = 0.72, P(Obs > 

null) = 99%) and to a lesser extent when assessed with ESVs (Ojk = 0.59, P(Obs > null) 

= 99%). The majority of their diets consisted of grasses in the grasslands (Figure 7), 

however, the diversity of those grasses differed greatly both across habitats and even 

within the grasslands (Figure 7). Although buffalo and elephants partially overlapped in 

their diet of grasses (Poaceae), buffalo generally consumed more herbs (Lamiaceae), 

while elephants preferred more tree and legume taxa (Fabaceae). Elephants ate 107 

unique OTUs not found in the diets of other species across habitats and 33 different 

plants within the grasslands (Figure 7). While the giraffe almost exclusively consumed 

woody vegetation, the trees consumed by the giraffe were different from those consumed 

by elephants.  

4 | DISCUSSION  

4.1 | Forest elephants in the grasslands 

The recently separated forest elephant L. cyclotis is the lesser-known and rarer of 

the two African elephant species, in part because they are found almost exclusively in the 

remote central African rainforest and other forested areas of West Africa. In a transition 
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zone between these forests and the grasslands, we find a unique and rather isolated 

population of forest elephants that spend much of their time out on the savanna 

grasslands of the greater Garamba National Park Complex (GNPC) (Hillman-Smith et al., 

1995; De Merode et al., 2000). These elephants seem to be exhibiting behavioral 

plasticity - shifting to consume a large proportion of grasses and possibly playing a 

functional role in maintaining the grassland system, in contrast to their typical 

frugivorous diet and role of “gardening” forests (Theuerkauf et al., 2000; Blake et al., 

2009; Campos-Arceiz and Blake, 2011; Cardoso et al., 2019).  

Metabarcoding of fecal diet DNA (dDNA) samples provided valuable insights 

into the plant species diversity of each habitat type. We found individual elephant diet 

composition to significantly cluster within the broader habitat type in which it was found 

(Figure 2), therefore confidently providing a representation of the diet of that individual 

within each habitat. This is valuable to know for elephants, as a fecal sample could be 

deposited far away from where food was consumed since it takes approximately 40 hours 

for foodstuff to pass through the elephant gut (Beirne et al., 2019) and elephants can 

travel large distances in short periods. We did have one male sample that might represent 

this movement between habitats. Detailed corroboration of the frequency, relative 

abundance, and identities of plant species in each sampling area is thus a valuable way to 

assign plants to the area from which dung was collected (Table 3).  

In the early wet season of GNPC, the largest population of forest elephants in the 

Congo consumed mostly grasses in both the grassland (69%) and woodland (45%) 

habitats, however, composed of different species compositions (Figure 4, 7; Table 3). 

Elephants consumed an abundance of the dominant grass genera, Hyparrhenia in the 
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grasslands and human-altered landscape (HAL), and Setaria parviflora in the woodlands 

and grasslands, while other species were specific to habitats (e.g., Cenchrus purpureus in 

the woodlands and Urochloa mutica in the grasslands). The grass abundance in the diet is 

similar to the savanna elephant diet in the wet season (Cerling et al., 2006; Shannon et al., 

2013) and contrary to other studies of forest elephant diet where they found almost no 

consumed grasses (Short, 1981; White et al., 1993; Theuerkauf et al., 2000; Danquah and 

Oppong, 2006; Blake et al., 2009; Campos-Arceiz and Blake, 2011; Beirne et al., 2020). 

In a region where forest elephants spend a large amount of time along a forest edge, they 

consumed fruit and browse and not grasses (Cardoso et al., 2019). However, this and all 

previous studies on forest elephant diet have used morphological analysis, and not dDNA 

metabarcoding, which is more sensitive to detection of different plant species and 

genotypes (Elbrecht et al., 2017; Bush et al., 2019; Meyer et al., 2020). Interestingly a 

recent study found a higher C4 isotopic signature indicative of more grasses and shrubs in 

West African forest elephant ivory from the 1600s, grouping closer with the isotopic 

signature of savanna elephant diets (de Flamingh et al., 2021). Thus, the presence of grass 

may have been missed in their diet to a degree, that there are regional variations in their 

diet selection and or their foraging behavior has shifted over time. 

Although this study only captured a snapshot of the wet season diet, the annual 

collar data reveal elephants using the grasslands throughout the year (average of 45% 

each month), irrelevant of the season (Figure 3). One study conducted in another 

grassland-forest mosaic landscape found forest female elephants to be spending 68% of 

their time in forests and 30% in grasslands driven by season (Mills et al., 2018), quite 

different than this population. There could be other factors that are driving the use of the 
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grasslands outside of the seasons, possibly fear of poaching from the northern section of 

the park (De Merode et al., 2000).  

These unique behaviors may be assisting in fulfilling the role of the locally extinct 

savanna elephant. Genetic evidence of their existence remains in the forest-savanna 

hybrid signature in GNPC populations (Roca et al., 2005; Ishida et al., 2011), however, 

this study suggests that the hybridization occurred sometime in the distant past. Savanna 

elephants were most likely the first to be hunted out for their ivory by Europeans since 

their tusks are twice as long as forest elephants’ (Grubb et al., 2000) and they are more 

easily found in the open savannas, as suggested in other hybrid zones (Mondol et al., 

2015). The extent of hybridization within this population and the potential behavioral 

differences of hybrid individuals have not been addressed and we will be assessing this in 

future research.  

Without the high numbers of elephants and other megaherbivores favoring woody 

vegetation (Shannon et al., 2008; Daskin et al., 2016; Pringle et al., 2016), this unique 

savanna grassland may transition into forest (Young et al., 2014, 2016; Wolf et al., 2015). 

Aerial photos and remote sensing show that the northern grasslands of GNPC are being 

reclaimed at a rapid rate by the surrounding woodlands, an area where elephants rarely 

venture due to human threats (De Merode et al., 2000; Hillman Smith et al., 2014). 

Although other factors, such as fire and climate change cannot be discounted, extensive 

studies in Africa have shown that megafauna, especially elephants, can reduce woody 

species cover by up to 95% (Keesing and Young, 2014; Asner et al., 2016; Bakker et al., 

2016).  
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In this study, the elephant diet frequently contained known pioneer woody 

species, such as Combretum and Terminalia, which were represented in all samples while 

foraging in the grasslands. The most abundant and frequently consumed species 

Piliostigma reticulatum is an important shrub that once established promotes the growth 

of other woody species (Hernandez et al., 2015). Also, Piliostigma’s evolutionary 

strategy for fire is to rapidly rebuild aboveground structures (Midgley et al., 2010), thus 

important for it to be controlled for the maintenance of the grasslands. Therefore, forest 

elephant gardening could be responsible for reducing encroaching woody species in the 

south of the park where elephants are concentrated, however, currently their low numbers 

may not allow for a significant impact in the north. We also did not find any Mangifera 

(mango) or other gallery forest tree taxa in the diet of elephants in the savanna, 

suggesting that even if they are being dispersed from the HAL and woodlands, they are 

not seeding in these gardened grasslands of the south. 

4.2 | Intrinsic factors affecting diet  

Sexual differences in diet and habitat use have been recorded in many sexually 

dimorphic species, including savanna elephants (Stokke and Du Toit, 2000; Woolley et 

al., 2009; Shannon et al., 2013), however, to date no studies have investigated this in 

forest elephants. We found that male and female forest elephants seem to have similar 

diet preferences in the same habitat, both mostly selecting kinds of grass (51% and 63% 

respectively). Males, however, did consume a greater abundance of woody vegetation 

within the HAL, a habitat only they entered (Figure 2). Minor differences between sexes 

emerged when we investigated the 42% of plant OTUs unique to males or females. 

Females ate more woody plants (however in low abundance), while males ate more grass 
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OTUs (Figure 4). The non-significant difference could be driven by the abundance of 

new grass during the growing season that the study was conducted in; however, we found 

that these forest elephants spend an equal proportion of their time in these habitats 

throughout the year anyway. The generalizability of the results is however limited by 

reduced male sample size within the woodlands and grasslands. This was also the case 

for GPS collared individuals. Further studies with a greater number of male samples and 

across seasons, would be advised. 

Typically, males from sexually dimorphic species are more willing to tolerate the 

risk of predation to seek more abundant, high-quality forage, whereas females may 

sacrifice forage quality to minimize risk (Main et al., 1996; Hay et al., 2008; Pellman et 

al., 2017). In the HAL, where non-indigenous fruits are plentiful and enticing, only male 

dung samples were found, the diet of which showed an abundance of figs and ripe non-

native mangos. Females have never been seen within this area of GNPC (AP unpublished 

data), supporting the hypothesis that male elephants are more willing to take risks for an 

energetic pay-off. This is also evident in savanna elephants, where males were willing to 

take a higher risk than females to crop-raid for nutrient-rich resources (Chiyo and 

Cochrane, 2005; Chiyo et al., 2011; Songhurst et al., 2016).  

Habitat configuration shapes the social structure and behavior of animals (He et 

al., 2019), and it is known that the forest elephant’s small social structure is very different 

from the large savanna elephant family groups as a result of habitat (Goldenberg et al., 

2020). We identified possible family groups (using GPS collar data as described above) 

within the grasslands and woodlands and discovered individuals from each ‘family’ 

group consumed more similar diets than other family groups within the grasslands 
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(Figure 5). Diet selection is thought to be learned by juveniles eating as their mothers do, 

as we recorded juveniles eating the same as adult females in this study, but our data 

suggest that these family choices may persist even in the same proximate environment. In 

other words: elephants are choosy, even when offered the same buffet. These groups out 

on the grasslands are also seen in large numbers (Hillman Smith et al., 2014; pers. obs.), 

similar to savanna elephants, thus the annual use of grasslands might also be changing the 

size of their social groups. Although beyond the scope of this study, it would be 

beneficial to identify true family groups and to better understand the social dynamics and 

possible effects of these ‘larger’ groups, differing diets, and habitat use compared to 

previous forest elephant studies. Indeed, the study of forest elephant ecology in these 

different habitats and over longer periods of time is greatly needed.  

4.3 | Fulfilling a niche in the grasslands 

Although diets vary seasonally, our data focused on the early wet season when 

resources are abundant, and species had equal access across the open grasslands and 

woodlands. Elephants were, however, the only species we found samples for in the 

woodlands and HAL. Kordofan giraffe G. c. antiquorum, which are typically more suited 

to savanna woodland habitat, were more abundant and restricted their movements in the 

southern and central savanna grasslands of Garamba NP only (De Merode et al., 2000; 

D’haen et al., 2019). Buffalo S. c. caffer are found in the central and southern sector of 

the park, but not in the denser woodlands where elephants were found (African Parks, 

pers. comm 2019).  

Dietary niche partitioning occurred among the three megaherbivores (forest 

elephant, Kordofan giraffe, and buffalo) in the grasslands, with each species consuming 
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significantly different diets (Figure 6), as expected. The giraffe diet was comprised 

mostly of trees in the Fabaceae (Legumes), Lamiaceae (genus Vitex), and Annonaceae 

(Custard apples) families. This coincides with previous findings of giraffe in GNPC 

eating Vitex doniana and Piliostigma thoningii (Fabaceae) (D’haen, 2017). It is 

interesting to note that in West Africa, giraffe (Giraffa camelopardalis peralta) have 

been recorded avoiding the genera Annona (Caister et al., 2003), whereas we found it in 

the diet of all giraffes sampled. For both the buffalo and elephant, Poaceae (grasses) 

made up the greatest proportion of their diets (~70%), however, the diversity of the 

grasses differed (Figure 7). The diversity of the buffalo diet (64 OTUs, 503 ESVs) far 

exceeded expectations compared to morphological diet studies (21 to 39 plant species 

(Erena et al., 2019) (Landman and Kerley, 2001)). However, our results were similar to 

an dDNA metabarcoding study which also found buffalo to be taxonomic generalists 

(142 taxa), having the most diverse diet of a large spectrum of herbivores (Kartzinel and 

Pringle, 2020). African buffalo are known to add browse to their diet during the dry 

season (Erena et al., 2019), however in this study woody taxa made up 16% of the diet in 

the wet season, most likely consuming small saplings while grazing and contributing to 

the grassland maintenance. Our findings are consistent with models of other large 

mammal herbivores niche partitioning within similar habitats (Cromsigt and Olff, 2012; 

Kartzinel et al., 2015).  

Metabarcoding identified frequently consumed and the relative abundance of key 

plant taxa in each of the habitats (Table 3; Table S4-6 Supporting Information). Elephants 

are targeting fruiting trees such as Ficus and the non-native Mangifera in the woodlands 

and HAL, while also consuming an abundance of the genera Dalbergia and Grewia that 
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are both often found in savanna elephant diets and only the Grewia in forest elephants 

diets (Theuerkauf et al., 2000). Desmodium velutinum is an important legume in the 

woodlands, with high nutritive quality of edible material and low amounts of tannins. The 

central species in the megaherbivore grassland food web are grasses, the herbaceous 

genus Ludwigia and woody genera Vitex and Piliostigma. Camel’s thorn Piliostigma 

reticulatum is key in the grasslands for elephants and other megaherbivores, which again 

is a pioneer species that is heavily encroaching in the northern section of the grasslands. 

Monitoring these essential plant species in the greater system will enable management to 

determine the impacts of interventions and understand the food web trophic perturbations 

(Jordán, 2009). 

4.4 | Taxonomic free assessment in remote areas  

Metabarcoding is a relatively new approach in assessing the diets (Pompanon et 

al., 2012b), biodiversity (Leempoel et al., 2020), food webs (Meyer et al., 2020), and 

ecosystems (Bush et al., 2019). Much is to be learned, as the field is growing and a major 

limitation is the databases used for identifying species (Elbrecht et al., 2017; Hestetun et 

al., 2020), especially in remote and lesser-studied regions. Comparing taxonomically free 

ESVs and combined taxa ESVs (labeled as OTUs in paper) both captured the same 

ecological patterns, therefore can apply metabarcoding in remote areas even where the 

database may be lacking, question specific. The large number of ESVs creates more 

variance among individuals and identified a finer scale of diversity to be assessed, that 

might otherwise be missed within an ecosystem. Reviewing these data, we see over 800 

ESVs were identified in the Order Poales, which combined to just 38 individual OTUs, 

suggesting much DNA variance in the grasses or few species in the database. While the 
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taxonomy-free approach allows for ecological pattern identification, it does not allow for 

key species identification within ecosystems, an important aspect to understand when 

exploring food webs and interspecies interactions in dynamic and recovering landscapes.  

It must be noted that the variance in dDNA recovery among digested plant taxa 

could be limiting. For example, grasses and woody tree material are less digested than 

fruits, therefore might bias the abundance of grasses that are being identified versus the 

fruits. Therefore, it is important to not only look at the RRA but also the frequency of 

plant taxa within the diet, to possibly identify any discrepancies (Table 3).  

4.5 | Conservation implications and conclusion 

Our dDNA metabarcoding approach revealed a detailed insight into the diet 

selection of the critically endangered forest elephant and Kordofan giraffe, and the Cape 

buffalo. Each of these megaherbivores had its niche function within the savanna 

grasslands, assisting in sustaining or rehabilitating these unique grassland habitats that are 

diminishing globally (Hillman-Smith et al., 2014; Sala and Maestre, 2014). Additionally, 

the data created from these analyses provided an effective biodiversity monitoring 

mechanism across the different habitats. 

Forest elephants are, for the most part, thought to spend most of their time in the 

forests and consuming fruits and browse, spending a small proportion of time, if any, on 

grasslands. This limits the areas in which protection is prioritized for forest elephants, 

when in fact, as this study shows, they can utilize grasslands throughout the year. For 

example, the IUCN Red List of Threatened Species has developed methods for the 

estimation of the Area of Habitat (AOH) that is habitable by a particular species and 

using this to guide conservation for the species (Brooks et al., 2019). The two habitats 
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labeled of ‘Major Importance’ for forest elephants are Forest-Subtropical/Tropical Moist 

Lowland and Forest-Subtropical/Tropical Swamp, with Savanna listed as ‘Marginal’, 

while grasslands are not included. Broadening the scope of habitable landscapes and 

realizing their potential of maintaining both forests and grasslands is fundamental for 

both the elephants and these habitats.  

The forest elephants seem to be playing a critical role in the maintenance of the 

southern grasslands of Garamba National Park, as they are spending half of their time in 

the grasslands throughout the year, and as this study captured in a snapshot of time, 

consuming large quantities of grasses and selecting pioneer woody species while they are 

in the grasslands. This leads us to reconsider their purely ‘frugivorous’ status and 

highlights regional variations in their ecology. As African Parks continue to secure the 

park the elephant population will continue to recover and move back into the northern 

area of the park to restore the grasslands where woody encroachment is the highest 

(Hillman-Smith et al., 2014). Our future research will aim to use fecal eDNA to identify 

the proportion of hybrids in this population and determine whether the savanna elephant 

genetic signature is possibly driving this unique elephant ecology. Future studies should 

also monitor the group dynamics and fecundity of this population to determine other 

behavioral changes related to this abundant and novel resource. It is clear though that we 

need to protect the current megaherbivores of this area to maintain this essential 

ecosystem within the Congo Basin.  
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5 | TABLES & FIGURES 

Table 3-1 GNP large mammal diet diversity 

GNP large mammal species fecal samples were sequenced for dietary analyses with the mean 

number of reads, Shannon’s diversity, and richness ± standard error (SE) and ESVs per sample 

for the 2,215 taxonomic free ESVs and 188 unique plant OTUs across all habitats and within the 

grasslands only.  

 
1Each comparison revealed significant differences (ANOVA, all habitats: F2,76 = 27.9, P < 0.001; 

Grasslands: F2,52 = 24.7, P < 0.001). Superscript letters denote significant differences (Tukey’s 

HSD, P<0.05) 
2All habitats: F2,76 = 43.2, P < 0.001; Grasslands: F2,52 = 52.97, P < 0.001  
3All habitats: F2,76 = 33.5, P < 0.001; Grasslands: F2,52 = 31.5, P < 0.001  
4All habitats: F2,76 = 60.2, P < 0.001; Grasslands: F2,52 = 69.04, P < 0.001 

 

  

Latin Name
Common 

Name

Samples 

Collected (N)

Samples 

Sequenced (N)

Mean ± SE 

Reads

Mean ± SE

2215 ESVs
1

Mean ± SE 

188 OTUs
2

Mean no. ESVs per 

sample ± SE
3

Mean no. OTUs 

per sample ± SE
4

L. cyclotis (All habitats) Elephant 58 56 13,707 ± 290 3.49 ± 0.05a 2.23 ± 0.05a 114.25 ± 2.65a 30.61 ± 0.91a

L. cyclotis (Grasslands) Elephant 32 32 14,091 ± 440 3.56 ± 0.06a 2.31 ± 0.04a 116 ± 3.12a 30.28 ± 1.01a

Syncerus caffer caffer Buffalo 13 12 17,795 ± 665 3.13 ± 0.18a 1.72 ± 0.1b 106 ± 6.35a 22.58 ± 1.75b

G. camelopardalis antiquorum Giraffe 13 11 10,314  ±  2475 2.25 ± 0.27b 1.12 ± 0.16c 51.64 ± 11.02b 7.55 ± 1.25c

Total 84 79 13,857 ± 462

Shannon's Diversity (H) Niche Breadth
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Table 3-2 GNP forest elephant sample size and diet diversity 

GNP forest elephant sample size between sexes and among habitat types, with the mean number 

of reads, Shannon’s diversity and richness ± SE and ESVs per sample for the 1,790 taxonomic 

free ESVs and 173 unique OTUs (No sex difference for diversity and richness (P>0.05); Habitat 

difference (ANOVA: P<0.05) for each, diets in the grasslands and woodlands are richer and more 

diverse than HAL (Tukey’s HSD, P<0.05). Bar-graph of how each order is represented in the 

elephant diet with the number of families, genus, and species recorded in each, along with the 

number of ESVs or OTUs/order listed to the right of the figure.  

 

 
 

 
 

Elephant Sex & 
Habitat 

N
Mean ± SE 

Reads
Mean ± SE 
1790 ESVs

Mean ± SE 
173 OTUs

Mean ± SE 
1790 ESVs

Mean ± SE 
173 OTUs

Female 34 13,611 ± 416 3.51 ± 0.06 2.24 ± 0.06 114.9 ± 3.27 30.38 ± 0.88

Male 22 13,862 ± 372 3.47 ± 0.09 2.25 ± 0.09 113.3 ± 4.71 30.05 ± 1.96

Grasslands 32 14,091 ± 440 3.56 ± 0.06 2.31 ± 0.04 116 ± 3.12 30.28 ± 1.01

Woodlands 17 12,855 ± 344 3.52 ± 0.1 2.19 ± 0.11 118.2 ± 4.8 31.24 ± 1.6

Human-Altered 
Landscape (HAL) 7 14,043 ± 624 3.13 ± 0.17 2.09 ± 0.2 96.71 ± 9.69 30.86 ± 4.64

Shannon's Diversity (H) Niche Breadth
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Table 3-3 Top ten plant taxa in the forest elephant diet 

Top ten plant taxa in the forest elephant diet within the grasslands, woodlands, and human-altered 

landscape (HAL) and the megaherbivore diet within the grasslands using frequency of occurrence 

(FOO) and the mean relative read abundance (RRA) across all samples.  

 

  

Family Grassland OTUs Plant Form FOO Family OTUs Plant Form Mean RRA (N=32) ±SE

Poaceae Poaceae Grass 1.00 Poaceae Poaceae Grass 16.55% 1.96%

Poaceae Setaria parviflora Grass 1.00 Poaceae Setaria parviflora Grass 12.97% 2.03%

Poaceae Hyparrhenia Grass 1.00 Poaceae Hyparrhenia Grass 7.75% 1.63%

Poaceae Digitaria Grass 1.00 Poaceae Digitaria Grass 7.59% 1.58%

Poaceae Megathyrsus maximus Grass 1.00 Poaceae Urochloa mutica Grass 4.87% 1.85%

Ograceae Ludwigia abyssinica Herb 1.00 Poaceae Leersia oryzoides Grass 3.18% 1.18%

Fabaceae Piliostigma reticulatum Woody 1.00 Poaceae Megathyrsus maximus Grass 3.14% 0.60%

Poaceae Brachiaria ramosa Grass 1.00 Poaceae Panicum repens Grass 3.14% 0.90%

Poaceae Paspalum Grass 0.94 Poaceae Paspalum Grass 3.00% 0.79%

Poaceae Schizachyrium Grass 0.94 Ograceae Ludwigia abyssinica Herb 2.92% 0.59%

Family Woodland OTUs Plant Form FOO Family OTUs Plant Form Mean RRA (N=17) ±SE

Poaceae Poaceae Grass 1.00 Poaceae Poaceae Grass 18.00% 3.92%

Poaceae Brachiaria ramosa Grass 1.00 Poaceae Setaria parviflora Grass 10.57% 4.24%

Poaceae Paspalum Grass 0.94 Lamiaceae Clerodendrum silvanum Woody 8.65% 3.10%

Poaceae Setaria parviflora Grass 0.88 Moraceae Ficus drupacea Woody 7.67% 1.92%

Moraceae Ficus drupacea Woody 0.88 Poaceae Paspalum Grass 6.34% 2.14%

Phyllanthaceae Bridelia micrantha Woody 0.88 Costaceae Costus dubius Herb 5.15% 2.58%

Fabaceae Desmodium velutinum Woody 0.88 Poaceae Setaria plicata Grass 4.97% 1.98%

Costaceae Costus dubius Herb 0.82 Poaceae Cenchrus purpureus Grass 3.48% 2.97%

Poaceae Setaria plicata Grass 0.82 Marantaceae Hypselodelphys hirsuta Herb 3.35% 4.23%

Poaceae Schizachyrium Grass 0.82 Fabaceae Dalbergia Woody 2.84% 1.05%

Family Human-Altered Landscap OTUs Plant Form FOO Family OTUs Plant Form Mean RRA (N=7) ±SE

Malvaceae Grewia Woody 1.00 Malvaceae Grewia Woody 29.22% 6.70%

Poaceae Hyparrhenia Grass 1.00 Poaceae Hyparrhenia Grass 14.44% 6.44%

Malvaceae Grewia trichocarpa Woody 1.00 Moraceae Ficus drupacea Woody 12.51% 8.08%

Fabaceae Piliostigma reticulatum Woody 1.00 Poaceae Cenchrus Grass 6.26% 2.25%

Fabaceae Piliostigma thonningii Woody 1.00 Malvaceae Grewia trichocarpa Woody 5.83% 1.45%

Poaceae Poaceae Grass 1.00 Fabaceae Piliostigma reticulatum Woody 2.78% 1.05%

Fabaceae Fabaceae Woody 1.00 Asteraceae Vernonia cumingian Woody 1.90%

Moraceae Ficus drupacea Woody 0.86 Poaceae Paspalum Woody 1.87% 1.91%

Poaceae Cenchrus Grass 0.86 Anacardiaceae Mangifera zeylanica Woody 1.79% 0.52%

Anacardiaceae Mangifera zeylanica Woody 0.86 Anacardiaceae Mangifera Woody 1.77% 0.50%

Family Grassland OTUs Plant Form FOO Family OTUs Plant Form Mean RRA (N=55) ±SE

Poaceae Poaceae Grass 0.80 Poaceae Poaceae Grass 17.97% 2.16%

Poaceae Hyparrhenia Grass 0.80 Lamiaceae Vitex triflora Woody 10.04% 3.30%

Poaceae Megathyrsus maximus Grass 0.80 Poaceae Hyparrhenia Grass 5.36% 1.10%

Onagraceae Ludwigia abyssinica Herb 0.80 Poaceae Setaria parviflora Grass 7.66% 1.53%

Lamiaceae Vitex triflora Woody 0.76 Poaceae Digitaria Grass 4.64% 1.12%

Poaceae Digitaria Grass 0.76 Poaceae Megathyrsus maximus Grass 3.59% 0.97%

Poaceae Schizachyrium Grass 0.76 Annonaceae Annona squamosa Woody 6.69% 1.33%

Poaceae Brachiaria ramosa Grass 0.76 Poaceae Schizachyrium Grass 3.49% 1.27%

Poaceae Setaria parviflora Grass 0.71 Poaceae Urochloa mutica Grass 2.96% 1.29%

Fabaceae Piliostigma reticulatum Woody 0.69 Malvaceae Sida NA 2.89% 1.69%
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Figure 3-1 Fecal sample collection and Forest elephant habitat use 

a) Map of fecal samples collected in Garamba National Park, DRC surrounded by three reserves 

that make up the greater complex (GNPC). The vegetation type is color-coded along with the 

samples that were successfully sequenced for elephant, buffalo, and giraffe. b) The bar graph 

represents the mean proportion of hourly GPS points per habitat type ±	SE from GPS satellite 

collars on forest elephants (n=30). 
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Figure 3-2 Diet divergence between habitats  

Non-metric multidimensional scaling plots (nMDS) using a Bray-Curtis dissimilarity of elephant 

dietary relative read abundance, showing differences in habitat type where samples were 

collected. Points represent individual samples with 95% confidence ellipses for HAL (n=7, 7 

male), savanna grasslands (n=32, 23 female, 9 male), and woodlands (n=17, 11 female, 6 male). 

Venn diagram represents the number of shared plant ESVs and OTUs among habitat types. Each 

sample collected confidently provides a representation of the diet of that individual within each 

habitat for (a) 1790 ESVs (Stress = 0.10, PerMANOVA: pseudo-F2,53= 10.83, R2 = 0.29, P = 

0.001, pairwise Padj <0.01) and for (b) 173 OTUs (Stress = 0.11, Pseudo-F2,53= 17.36, R2 = 0.40, 

P = 0.001, pairwise Padj<0.01). There was a sex difference in diet (a) pseudo-F1,54= 2.06 R2 = 

0.04, P = 0.02, pairwise Padj <0.01; (b) pseudo-F1,54= 2.50 R2 = 0.04, P = 0.02; however, was 

driven by habitat type: Habitat:Sex (a) pseudo-F1,51= 1.34, R2 = 0.02, P = 0.13 (b) pseudo-F1,51= 

0.1 R2 = 1.0, P = 0.39 
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Figure 3-3 Plant functional groups consumed within each habitat and by sex 

Box-plot of the mean proportion of plant functional groups (grass, herb, woody (tree/shrub), 

unknown) consumed per elephant fecal sample collected a) within different habitat types 

(Functional Groups:Habitat F6,208 = 20.93, P < 0.0001; More woody vegetation (TukeyHSD P< 

0.05) was consumed in HAL habitat and more grasses in the Savanna Grasslands and Woodlands 

(P>0.05) and b) consumed by the different sexes (FG: F3,208 = 92.74 P<0.0001; FG:Sex F3,208 = 

5.46, P < 0.001); Males and females consumed significantly more grass and males consumed 

more woody vegetation compared to females (TukeyHSD P< 0.05). 
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Figure 3-4 Male and female forest elephant diet composition 

(a) The relative read abundance (RRA) per plant family (≥0.1%) consumed by male (n= 22) and 

female (n=34) elephants (percentages indicate the most abundant plant family in each diet). (b) 

Sex preference for plant functional groups while in the same habitat. Mean RRA ± Standard Error 

of plant functional groups (grass, herb, woody, unknown) consumed in each habitat type by 

elephant sex. Male and females consumed a similar abundance of plant groups within each 

habitat (P>0.05). (c) The Venn diagram represents the number of shared plant OTUs between the 

sexes across all habitats, in which diet niches significantly overlap (Ojk = 0.84, P(Obs > null) = 

99%). 
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Figure 3-5 Diet divergence between forest elephant families 

nMDS plot showing how predicted family groups are significantly clustering (stress = 0.08; F5,41 

= 6.3, R2=0.47, P>0.001; pairwise comparison shows all families within the grasslands are 

different from one another (Padj <0.05), and in the woodlands, however, not when adjusting P-

value). 
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Figure 3-6 Niche partitioning as a function of habitat type and ESVs vs OTUs 

Points represent individual samples with 95% confidence ellipses for Elephant (a, c) n=56 and (b, 

d) n=32), Buffalo (n=12), and Giraffe (n=11). NMDS plots using a Bray-Curtis dissimilarity of 

mammal species dietary relative read abundance (a) of 2215 ESVs across habitats (stress = 0.10; 

perMANOVA: pseudo-F2,78 = 10.1, R2 = 0.21, P > 0.001) and (b) of 1416 ESVs within the 

savanna grasslands only (stress = 0.10; pseudo-F2, 54 = 13.6, R2 = 0.34, P >0.001). NMDS 

representing (c) the 188 of uniquely identified OTUs across all habitats (stress = 0.10; pseudo-F2, 

78 = 16.1, R2 = 0.30, P >0.001) and (d) within the savanna grasslands only (114 OTUs) (stress = 

0.09; pseudo-F2, 54 = 24.1, R2 = 0.48, P >0.001). Diet compositions of large mammal species were 

all significantly different between each other after pairwise Bonferroni correction for multiple 

comparisons (Padj = 0.003). 
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Figure 3-7 Large mammal diet composition. 

Bipartite networks depicting diet composition using relative read abundance (RRA) per plant 

family (≥0.1% of diet) and for each focal species in the grasslands and additionally for elephants 

the two wooded habitats (woodlands + HAL) combined to represent woodlands (left), where 

percentages indicate the RRA of the most abundant plant families in the diet for each species. (b) 

The proportion of diet comprised of grasses, herbaceous, and woody vegetation for each focal 

species (unknown represents OTUs where plant functional group could not be determined). (c) 

Overlap of plant taxa in the diets of megaherbivores across all habitats and within the grasslands, 

note difference in sample size. 
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Chapter 4 Hybrids are not always misfit: Micro to macro 

insights into the hybridization of keystone species, the African 

elephants 
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ABSTRACT 

Human-induced hybridization of wildlife is often viewed as an emergent problem 

of the Anthropocene. As populations become fragmented and smaller, individuals find 

fewer of their own species and may be more likely to encounter and mate with 

congeneric species, sometimes leading to viable hybrids. These hybrids are generally not 

protected or even recognized by conservationists, yet little is known about how they 

influence the ecological networks of the ecosystems in which they reside. Hybridization 

of the two African elephant species, the forest elephant, Loxodonta cyclotis, and the 

savanna elephant, Loxodonta africana, both endangered ecosystem engineers of very 

different habitats, provides an exceptional opportunity to determine whether hybrids 

serve novel ecosystem functions. We determined the frequency of hybrid elephants in 

Garamba National Park, Democratic Republic of the Congo (DRC), and investigated the 

effect of hybridization on diet niche and gastrointestinal helminth loads, also assessing a 

suite of demographic (age, sex), environmental (habitat type), and social (family vs bull 

groups) characteristics. Thirty percent of our sampled population were hybrids and 70% 

were forest elephants (L. cyclotis). Analysis of maternally inherited mtDNA clustered 

samples into two subclades within the Forest Clade and into one subclade within the 

Savanna Clade, with mtDNA ancestry independent of hybrid status. Our results indicate 

that elephant phylogeny influences helminth composition in adults and that the admixed 

genetics of the hybrid is associated with significantly reduced host-specific parasite 

infection. Younger elephants were more infected than adults no matter their hybrid status. 

Because adult hybrids may be less negatively impacted by parasites then purebred 

elephants, selection could favor admixed individuals in this heterogeneous landscape. In 

the savanna grasslands of Garamba, devoid of the past extensive populations of 

megaherbivores, this unique hybrid and forest elephant mixed population that varies 

greatly in diet and habitat use compared to other forest elephant populations, yet 

ecologically similar to each other, might be fulfilling this vacant niche, and maintaining 

ecosystem function. 

Key words: Hybridization, Loxodonta cyclotis ecology, DNA metabarcoding, parasites, 

diet, introgression 
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1 | INTRODUCTION 

Human-induced hybridization of animals, plants and microbes and the shuffling 

of biomes (Ellis, 2011) is becoming more common as species are deliberately relocated 

and as populations are shifting or shrinking due to poaching, habitat loss and 

anthropogenic climate change (Allendorf et al., 2013; Solari et al., 2016; Grabenstein and 

Taylor, 2018, IUCN). Within the field of conservation, the perspective of hybridization in 

the Anthropocene is debated (Taylor and Larson, 2019). On one side, hybridization is 

seen as a creative force that accelerates evolution, facilitates rapid adaptation to changing 

environments, and increases biodiversity (Peters and Kleindorfer, 2015; Chan et al., 

2019; Hirashiki et al., 2021). Rapid adaptation may occur because the higher frequency 

of advantageous alleles that have been introduced into their hybrid offspring have been 

strongly filtered through time, and thus may be more easily favored by selection 

(Marques et al., 2019). In contrast, de novo mutations are more easily lost by genetic 

drift. A recent compilation of hybridization studies found neither a direct nor indirect link 

to fitness reduction in the hybrids (Hirashiki et al., 2021). On the other hand, outbreeding 

depression, the reduction in fitness from hybridization, can persist for multiple 

generations and may even lead to extinction of rare species (Rhymer and Simberloff, 

1996; Kovach et al., 2016). Introgressive hybridization, repeated backcrossing of hybrids 

back to parent species, has been known to have a homogenizing effect on the intra- and 

interspecific and community biodiversity (Olden et al. 2004).  

The evolutionary significance of hybridization has been better studied than that of 

ecology. Ecological impacts of hybrids include potential advantages (new adaptive 

variation, ecosystem robustness) and disadvantages (loss of biodiversity, ecosystem 
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degradation) (Brennan et al., 2014). Novel species interactions may be created through 

hybridization, which, in turn, could trigger a cascade of ecological and evolutionary 

processes (Brennan et al., 2014). This hypothesized cascade is especially likely if 

keystone species are hybridizing, as they are most connected within the food web and 

thus may exert the strongest ecosystem effect. Hybridization may also increase resilience 

to a changing environment with, for example, an increase in the major histocompatibility 

complex (MHC) diversity and subsequent immune response (Jackson and Tinsley, 2003; 

Baird et al., 2012), or it can lead to the opposite (Derothe et al., 2001). While 

hybridization is likely to become more common in the Anthropocene, little is known 

about how large mammal hybrids will integrate into their ecosystems and how they will 

impact ecological networks. A current, reoccurring question is whether hybridization is 

adding to the problems of or indicating solutions for global biodiversity loss (Fitzpatrick 

et al., 2015; Marco et al., 2016; Wayne and Shaffer, 2016; Janes and Hamilton, 2017; 

Hirashiki et al., 2021).  

One of the most impactful and ecologically connected animals within and across 

ecosystems in Africa is the elephant (Fritz 2017; Poulsen et al. 2018; Remmers et al. 

2017). In equatorial areas where they are parapatric, the two species of African elephants, 

the forest elephant (L. cyclotis) and savanna elephant (L. africana), are hybridizing (Roca 

et al., 2001b; Ishida et al., 2011c; Mondol et al., 2015). Hybridization between forest and 

savanna elephants occurs in four distinct places where their ranges meet (termed hybrid 

zones): the northern Albertine Rift (along the DRC–Uganda border and in Garamba 

National Park, DRC), in northern Central African Republic, in the Pendjari–Arli 

protected area complex along the Benin– Burkina Faso border, and in the Gourma region 
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in Mali (Grubb et al., 2000; Roca et al., 2001b; Mondol et al., 2015; Roca et al., 2015b; 

Kim and Wasser, 2019; Bonnald et al., 2021). Although there is suitable habitat for both 

species in these ecotones, it is hypothesized that savanna and forest elephant 

hybridization has been made more likely by a 60-90% decline in abundance of both 

species due to anthropogenic pressures, such as poaching (Mondol et al., 2015; Bonnald 

et al., 2021). Bonnald et al. (2021) recently found that 80% of the elephants in the mixed 

savanna-forest habitats of Uganda were hybrids, with no identified pure forest elephants, 

begging the question of how hybridization might be reshaping the ecological networks in 

these habitats.  

Beyond these recognized hybrid regions, there is no detectable introgression of 

nuclear alleles, even though hybrids are fertile and gene flow is bidirectional (Mondol et 

al., 2015; Palkopoulou et al., 2015). However, mitochondrial DNA identifies two 

elephant clades in Africa, the F (forest) and S (savanna) clades, with introgression of 

forest elephant F clade mtDNA present in about 20% of the ‘pure’ savanna elephants 

(Ishida et al., 2011c, 2013), suggesting historic admixture. Remnants of maternal lineages 

may be a result of incomplete lineage sorting during speciation of these two species, or it 

could be a subsequent feature of ancient interbreeding events post speciation. Indeed, 

admixture might be more common than expected in species more generally (Palkopoulou 

et al., 2018).  

These two elephant species diverged between two to five million years ago 

(Rohland et al., 2010; Roca et al., 2015b; Palkopoulou et al., 2018) and are fundamentally 

different in physiology, behavior, habitat, ecology and endoparasites. Forest elephants are 

smaller and have rounded ears and different skull structures than the savanna elephant. 
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The tusks (incisors) of the forest elephant are straighter, finer, and generally shorter and 

their molar teeth are lower-crowned, have fewer grinding plates and relatively thicker 

enamel than savanna elephants, possibly adaptations to their highly frugivorous forest 

diet and to ease movement through thick forests (Grubb et al., 2000; Todd, 2010).  

The environment in which an animal evolves not only plays an adaptive role in 

physiology, but also in parental care and social structure (Royle et al., 2012), especially 

in elephants. The core social unit of the forest elephant is an immediate family group 

comprised of a mother and one to two of her calves (Goldenberg et al., 2020), with 

temporary and loose social groups ranging from 2 to 11 individuals (Turkalo and Fay, 

2001). Smaller forest elephant groups enable easier movement through dense forests and 

the utilization of finite and preferred fruit resources that are distributed in highly 

contested patches (Turkalo A and Fay JM, 1995; Campos-Arceiz and Blake, 2011; 

Goldenberg et al., 2020). In contrast, savanna elephant groups range between 9 to 35 

individuals and may reach 100 or more (Archie et al., 2006; Poole and Moss, 2008). 

Unlike the matriarchal savanna elephant, in which only males disperse from their natal 

herd, both male and female forest elephants disperse from their family group (Fishlock et 

al., 2008).  

The tropical biomes of Africa have shaped, and in turn been shaped by, the social 

structures of forest and savanna elephants (Goldenberg et al., 2020). Both species are 

essential ecological engineers, creating and maintaining landscape structure and 

ecosystem function, but in very different ways. The forest elephants are selective non-

destructive browsers, targeting mostly fruits and having little effect on tree size and 

demography while maintaining the forest diversity (Campos-Arceiz and Blake, 2011; 
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Cardoso et al., 2019). In contrast, savanna elephants are mixed feeders (grazers and 

browsers), and are notably destructive to trees, pulling up saplings and pushing down 

older trees and browsing them, thus facilitating open savannas (Ripple et al., 2015; 

Morrison et al., 2016). Therefore, these species fulfill very different ecological roles in 

their respective environments.  

Divergent genetics and behavior also seem to be driving differences in elephants’ 

internal environment of helminth (nematode and trematode) diversity and microbiome. 

Only one study has compared the microbiota of African elephant species, revealing that 

the wild savanna elephant microbiota was dominated by Firmicutes, similar to other 

hindgut fermenters (e.g., rhinoceros), while the microbiota of the forest elephant was 

dominated by Proteobacteria, similar to more frugivorous species (e.g., bats and gorillas) 

(Budd et al., 2020). This is most likely due to their diets; however, there is a possibility 

that host genetics play a role (Groussin et al., 2020), with host-microbiome relationships 

shown to be associated with mutual genetic co-adaptions (Brucker and Bordenstein, 

2012). The microbiome is impacted by many factors such as diet, geography, and chronic 

stress, which can change the intestinal microbiota composition, making wildlife 

vulnerable to pathogens and parasites (Konturek et al., 2011). Parasitic helminths have 

also co-evolved with the gut microbiota and their mammalian host (Sasaki, 2000; Lim 

and Lumpur, 2015), perhaps explaining why forest and savanna elephants each carry 

different host-specific helminths (Brant et al., 2013).  

The coevolved host-parasite relationship can regulate the level of parasite 

infection in animals and this can vary greatly in hybrid offspring (Moulia, 1999; Sasaki, 

2000; Theodosopoulos et al., 2019). For example, in some hybrid frogs, it is possible for 
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them to gain different helminth parasite resistance from both parents (Jackson and 

Tinsley, 2003), while in some fish, hybrids are susceptible to both parent species' host-

specific parasites (Šimková et al., 2013). Hybridization of Darwin finches lowered 

vulnerability to invasive parasites, leading to an increase fitness favored by selection 

(Peters et al., 2019). Parasites themselves are at risk of extinction (Carlson et a. 2017), 

and there is still much to uncover about their roles in host population regulation and 

adaptation (Wood and Johnson, 2015).  

High throughput sequencing (HTS) technologies are advancing the detection of 

parasite diversity within wild animal populations through fecal analysis (Swift et al., 

2018), but this has not yet been practiced in free-roaming forest elephants. Research on 

parasites in elephants is limited, especially in current wild populations of African 

elephants. Bivitellobilharzia loxodontae is a host-specific parasite of forest elephants and 

the most poorly known of schistosomes, blood flukes (Brant et al., 2013). The first 

documented nematode genera Decrusia and Equinurbia were in African forest elephants 

from the Republic of Congo (Kinsella et al., 2004). Other nematodes that might be host-

specific to the forest elephant include: Quilonia loxodontae, Quilonia sp., Murshidia 

linstowi, M. vuylstekae, and Leiperenia leiperi (Kinsella et al., 2004).  

Studies have found parasites to vary within populations by age, sex, social groups, 

and rainfall in savanna and Asian elephants (Thurber et al., 2011; Baines et al., 2015; 

Lynsdale et al., 2017; Abhijith et al., 2018); however, as far as we are aware, this has not 

been investigated in forest elephants. It seems that forest and savanna elephants have 

different host-specific parasites, and the variables impacting the diversity and abundance 

of them in the forest elephant and their hybrids is poorly understood. How host-specific 
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parasites impact elephant and hybrids’ health and ecosystem function remains 

unexplored.  

Studies of hybridization are very limited in mammals, especially large mammals, 

and it is vital to understand how these hybrids are impacted along with how they select, 

interact, and impact their habitats. The elephant hybrid zone in Garamba National Park in 

the DRC lies in the transition zone between the Guinea-Congolian forest and Sudanian-

Guinean savanna. The merging of these biogeographic realms makes this an ideal study 

area to test for ecological niche divergence and address the impacts of the hybridization 

of two elephant species. To date, few elephant samples have been tested from the region. 

Those samples which have been analyzed indicate that both forest and hybrid elephants 

occupy Garamba. Hybrid individuals were previously identified from 4 dung samples 

using mtDNA (Mondol, Moltke, et al. 2015) and from 3 of 18 biopsy-dart samples (Roca 

et al. 2001); additional analysis of these samples revealed one sample to cluster with the 

Savanna mtDNA clade (Ishida et al., 2013). These results are consistent with the savanna 

elephant no longer being present in Garamba NP, despite 5,000km2 of savanna that 

remains there. This region provides an exceptional opportunity to determine whether 

hybrids serve novel ecosystem functions and the impact on the individual.  

We investigate how hybrid introgression may currently be shaping not only the 

ecological integrity of the species (assessed through gut endoparasite) but also the 

environment (assessed through quantification of diet and habitat use). We asked 1) What 

is the current ratio of hybridized and forest elephants? 2) Does introgression affect the 

host specificity and diversity of parasite infection? 3) How does hybridization affect the 

ecology of an individual (diet and habitat selection)? 
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We use non-invasive environmental DNA metabarcoding to compare forest and 

hybrid elephant diet, endoparasites, and habitat use in the Congo Basin. We test for 

effects of host phylogeny, diet, sex, age, social structure, and habitat on the elephant 

endoparasites within a single wet season.  

2 | MATERIALS & METHODS 

2.1 | Study site 

Garamba National Park (GNP) (~500,000 ha) is in the Haut-Uele Province in the 

north-eastern Democratic Republic of the Congo (DRC), established in 1938 and 

designated a UNESCO World Heritage Site in 1984. GNP is contiguous with three 

community reserves surrounding most of its boundary, all of which were also established 

in 1938-- Azandes in the west, Mondo Missa in the East, and Gangalana Bodio in the 

south. Together, the park and surrounding community reserves covers 1,400,000 ha and 

is managed by African Parks Network (APN) on behalf of the DRC government as the 

GNP Complex (GNPC) (Figure 1). GNPC is within a tropical climate receiving an 

average of 1500-mm annual rainfall during a 9-month rainy season (March – November).  

 The GNPC lies in the transition zone between two centers of endemism: the 

Guinea-Congolian forest and Sudanian-Guinean savanna and is one of the WWF/IUCN 

Centers of Plant Diversity. The Park hosts three main biomes: gallery forest with forest 

clumps and marshland, aquatic and semi-aquatic associations, and savanna ranging from 

dense deciduous woodlands to treeless grasslands. The vegetation within the park 

boundary has been modified through high densities of large herbivores and man-made 

fires in the distant past (1000s of years), forming a unique long grass savanna (De 

Merode et al., 2000), which is surrounded by the three community reserves consisting of 
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a mosaic of deciduously wooded savanna and forest. GNPC is one of the last strongholds 

of Sudano-Guinean species. It contains the largest number of elephants in the DRC (L. 

cyclotis est. pop. 800-1200), the endemic and critically endangered Kordofan giraffe 

(Giraffa camelopardalis antiquorum), and it recently lost the last viable natural 

population of northern white rhinoceros (Ceratotherium simum cottoni) in 2005. 

2.2 | Fecal Collection 

Elephant satellite collar data collected by GNP personnel were used to determine 

elephant group locations before traveling into the field for targeted fresh fecal collection 

and to avoid non-independent sampling. Elephant fecal samples were collected along 

road transects and wildlife trails during a single field season between May and June 2019. 

Collection efforts were tracked and mapped with GPS and all relevant ecogeographical 

variables were recorded in an ESRI mobile application (Survey123). Collection areas 

were grouped into three categories: Grasslands defined as land covered with grasses and 

herbaceous plants with few trees scattered throughout (southern section of GNP), 

Woodlands defined as land covered with a mix of grassland and at least 50% tree cover 

(Azande Hunting Reserve), and Human-Altered Landscape (HAL) that consisted of the 

GNP Headquarters and village situated along riverine habitat encompassing unique 

riparian tree species and non-native fruit trees.  

To determine individual elephant diet using DNA, multiple fecal boluses from the 

same individual were broken open and small samples (~25g) were taken from inside of 

each bolus (to avoid environmental contamination on the outside of the feces) using a 

gloved hand and placed in 35 ml of DESS (20% dimethyl sulfoxide, 250mM EDTA, Tris, 

saturated with NaCl) buffer for storage (Wasser et al., 2007). For host DNA, swabs were 
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taken from the outside of the bolus and transported in PrimeStore molecular transport 

medium (Longhorn Vaccines and Diagnostics 

LLC, Antonio, TX, United States). Fecal samples from 2017 were collected during a GPS 

collaring event in the same season, early May, and stored in DESS. Sixteen samples were 

used to assess the number of hybrids within the population.  

All samples were collected from fresh fecal samples, noted visually from 

appearance, or observed defecation. These samples were transported to our laboratory at 

Stanford University in the United States with appropriate permissions from the Institut 

Congolais pour la Conservation de la Nature (ICCN) for export and import. 

2.3 | Fecal eDNA extraction 

All laboratory work was conducted at Stanford University in a lab designed 

specifically for low copy and/or degraded environmental DNA. DNA was extracted from 

fecal concentrates (see Meyer et al., 2020 for methods) (~0.2g) utilizing the Zymo Quick-

DNA Fecal/Soil Miniprep Kit, adding an extra Ethanol cleaning step to remove the DESS 

buffer (see Meyer et. al., 2022 for more detail). Genomic DNA from fecal swab 

specimens was extracted using Longhorn PrimeXtract and following the manufacturer's 

protocol (Longhorn Vaccines and Diagnostics LLC, Antonio, TX, United States). All 

DNA extractions were conducted in a sterilized laminar airflow hood in a room 

exclusively used to process fecal samples to avoid contamination. Samples were 

processed in small batches (~14) with an extraction blank to monitor for potential cross-

contamination in the laboratory. The eluted DNA was quantified using a Nanodrop 2000 

(Thermo Fisher Scientific Inc.) and stored at -20°C until it was used for PCR 

experiments. 
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2.4 | Elephant sex and age  

To identify the sex of each elephant fecal sample, we amplified the X-Y 

homologs of Amelogenin (AMEL) gene using three primers: the common forward primer 

AMELXY and the X-specific AMELX-R and Y-specific AMELY-R reverse primers 

(Table 1), following the Lohay (2020) protocol. These primers were found to be more 

successful than the previous methods (Ahlering et al., 2011). Elephant samples of known 

sex were used as positive controls. 

A suitable measurement for estimating age in elephants using dung was 

developed for African savanna (Morrison et al., 2005) and Sumatran elephants (Reilly, 

2002). The mean bolus diameter of dung increases with age, up to a point. We used the 

Morrison et al. (2005) predicted growth curves based on dung bolus diameter for male 

and female elephants to estimate age. Because forest elephants are smaller in height and 

weight than savanna elephants (2-5 tons vs 4-7 tons, respectively), we used the smaller 

female curve for estimations. We distinguished two age categories: Juvenile (mean dung-

bolus diameter <11 cm) and Adult (>11 cm). 

2.5| Nuclear and mitochondrial DNA amplification and sequencing for species ID  

Amplification 

Primers have previously been developed for the identification of hybrids from 

mtDNA (Mondol, et al. 2015) as well as from single nucleotide polymorphisms (SNPs) 

present in three nuclear genes that are fixed in both forest and savanna elephants (Roca et 

al. 2001). These three nuclear genes are X-linked (BGN, PHKA2, PLP) and together 

contain seven SNPs, fixed-site differences, between African savanna and African forest 

elephants. Established primers amplify the regions containing these SNPs in five 47-
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114bp amplicons that can be used on degraded DNA in fecal samples (Table 1) (Roca et 

al., 2001b; Ishida et al., 2011b). We also amplified a 314bp segment of the Hypervariable 

region 1 (HVR1) in the mitochondrial genome using two sets of overlapping primers 

designed for degraded DNA (Table 1) (Brandt et al. 2014).  

Previously designed nuclear and mitochondrial primers (Table 1) were designed 

for one step PCR to be sequenced using Sanger sequencing. Here, we added adapters to 

these primers such that samples could be uniquely indexed through a two-step PCR and 

sequenced as a pool on an Illumina platform. Specifically, primers used in the first PCR 

reaction to amplify target regions and add sequencing adapters had the following format 

for left primers: ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNN 

<locus-specific left primer>; and right primers: 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNN <locus-specific right 

primer>. Primers used in the second PCR to uniquely index samples and add Illumina 

flow cell adapters had the following format for left primers: 

AATGATACGGCGACCACCGAGATCTACACXXXXXXXXACACTCTTTCCCTAC

ACGACGCTCTTCCGATCT; and right primers: 

CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT. 

First round PCR amplifications were carried out in 10 μL reactions for both the 

nuclear SNPs and the mtDNA containing 5μLAmplitaq Gold360 Mastermix (with 2.5 

mM MgCl2,200 lM each dNTP, 0.1 mg/mL BSA, 4% DMSO), 0.5μL forward primers 10 

uM, 0.5μLreverse primers 10 uM, 0.5μLBSA, 2.5 μLdH20 and 1 μL of DNA template. 

PCR profiles began with denaturation at 95 °C for 10 min; with cycles of 20 s at 95 °C; 
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followed by 30 s at 60 °C (first 3 cycles), 58 °C (next 5 cycles), 56 °C (5 cycles), 54 °C 

(5 cycles), 52 °C (5 cycles), or 50 °C (final 22 cycles for nuclear primers and 15 cycles 

for mtDNA primers); followed by 30 s extension at 72°C; a final extension of 7 min at 

72 °C; and a 4°C hold.   

First-round PCR product was visualized by gel electrophoresis. Specifically, 3 μL 

of each DNA extract was analyzed in a 2% agarose gel and was visualized by UV 

illumination. If gel visualization showed successful amplification and clean PCR nulls, 

equal volumes (5uL) of nuclear PCR products (BGNs1, BGNs2, PHKs1, PLPs1) were 

pooled for each fecal sample and equal volumes (5uL) of the mitochondrial PCR product 

were pooled for each sample (Laf1 and Laf2). Each pool of nuclear PCR products (1 pool 

per sample) was cleaned using Zymo Clean and Concentrator 25 kit and eluted using 

25μL of Elution buffer. Mitochondrial PCR product pools did not undergo this cleaning 

step.  

We were unable to get one of the seven SNP nuclear primer sets, PHKs2, to 

successfully amplify in any of our fecal samples. Thus, this primer set was not included 

in any further steps and hybrid assessments included the remaining 6 of the 7 target 

SNPs.  

Second-round PCR amplification was performed as a 10 μl reaction: 5 μl of 

Amplitaq Gold360 Mastermix (with 2.5 mM MgCl2,200 lM each dNTP, 0.1 mg/mL 

BSA, 4% DMSO), 0.5μl forward primer (10uM), 0.5 μL reverse primer (10uM), 3 μl of 

H20, and 1.5 μL of cleaned PCR1 product for nuclear amplicon pools. For mitochondrial 

amplicon pools, only 1 μL of PCR1 product was used as input. Cycling conditions used 

initial denaturing at 95 °C for 10 min; followed by 12 cycles of denaturing at 95°C for 30 
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s, annealing at 60°C for 30s, and extension at 72°C for 10s; a final extension of 7 min at 

72 °C; and a 4°C hold. 

Second-round PCR product was visualized by gel electrophoresis as described 

above to confirm successful sample amplification and clean PCR nulls. Equal volumes 

(5uL) of second-round PCR product for every sample were pooled. The PCR product for 

nuclear regions and mitochondrial regions were pooled separately. Pooled samples were 

cleaned using Zymo Clean and Concentrator 25 kit and eluted using 25μL of Elution 

buffer and quantified using a Qubit fluorometer (ThermoFisher Scientific, Waltham, MA, 

USA) with the dsDNA High Sensitivity Assay Kit (Life Technologies Corp., Carlsbad, 

CA). 

Sequencing was performed on a MiSeq platform using 150 bp paired-end reads 

(Illumina, San Diego, CA, USA) for the nuclear regions and 250 bp paired-end reads for 

the mitochondrial regions. PhiX DNA spike-in control (40%) was added to improve the 

data quality.  

Genotyping Analyses 

Illumina data was mapped to target gene reference sequences taken from 

GenBank (PLP - AY823385.1, PHKA2 - AY823366.1, BGN - AY045012.1, mtDNA 

HVR1 - AY359279.1) using BWA-MEM (Li, 2013) and sorted using SAMtools (Li et 

al., 2009). Nuclear data was indexed using SAMtools and visualized in IGV (Robinson et 

al., 2011) to identify the genotype of each sample at the SNPs of interest. Samples that 

contained any mixture of forest and savanna alleles among the sequenced nuclear SNPs 

were identified as hybrids. 
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For mitochondrial data, a consensus sequence was called for each sample using 

ANGSD. Previously generated mitochondrial sequence data from Ishida et al., (2013) 

was downloaded from GenBank. Specifically, we downloaded sequence data for the 107 

samples named in the phylogeny in Figure 2 of Ishida et al. (2013), representing one 

sample for every unique haplotype sequenced in this study. Our consensus sequences 

were then aligned with these published sequences in Geneious Prime® 2020.1.1. The 

sequence alignment was trimmed to only include the target 522 bp amplicon region. The 

sequence alignment was then input into PopArt to generate Median Joining haplotype 

networks (Bandelt et al., 1999). Previously published haplotypes were colored to identify 

the clades as defined in Ishida et al. (2013). Samples that fell into the S clade but 

contained any forest elephant nuclear were identified as hybrids. 

2.6 | eDNA Metabarcoding for diet and endoparasites 

We used metabarcoding methods on the extracted DNA to characterize the host 

diet and endoparasites by quantifying large numbers of a short, unique region of DNA 

amplified from individual fecal samples (Pompanon et al., 2012b). All primers were 

modified with an Illumina adaptor preceding the target primers and separated by 6-N 

spacers as designed by Ushio et al. (2017).  

ITS2 Plants 

We targeted 187–387 bp amplicons of the second internal transcribed spacer of 

nuclear ribosomal DNA (ITS2) region for the amplification of plants in the diet using 

primers UniPlantF/ UniPlantR (Table 1) (Moorhouse-Gann et al., 2018; Meyer et al., 

2020). See full methods for the plant diet in Meyer et al. (2022), as we will be using the 
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data first presented in Meyer et al. (2022) for a comparison between forest and hybrid 

elephants.  

18S Endoparasites 

The MN18F/ 22R (345bp) primers (Table 1) targeting the 18S rRNA region of 

endoparasites were selected to provide the greatest taxonomic resolution and accuracy 

within  Nematoda and Trematoda (Bhadury et al., 2006; Moszczynska et al., 2009; Swift 

et al., 2018). The PCR comprised of 20 μL: 10μLof GoTaq® Colorless Master Mix 

(400μM dATP, 400μM dGTP, 400μM dCTP, 400μM dTTP and 3mM MgCl2), 1 μL of 

each primer (5mM), 4 μL of DNA template + 4 μL of water. Cycling conditions consisted 

of denaturing at 95 °C for 2 min, followed by 35 cycles of denaturing at 95 °C for 30 s, 

annealing at 47°C for 30 s, extension at 72 °C for 45s and then a final extension at 72 °C 

for 5min. 

Amplicons 

The integrity of DNA amplified by each primer was assessed by gel 

electrophoresis. Specifically, 3 μL of each DNA extract was run in a 2% agarose gel and 

was visualized by UV illumination. If positive, the PCR products were cleaned with the 

Qiagen PCR Purification Kit (Valencia, CA). For the two-step PCR, appropriate Illumina 

barcodes were ligated to each sample as an index tag for each unique sample (Ushio et al. 

2017). The index PCR was performed as a 20 μl reaction: 10 μl of Amplitaq Gold360 

Mastermix reactions (with 2.5 mM MgCl2,200 lM each dNTP, 0.1 mg/mL BSA, 4% 

DMSO), 1μl (of each primer), 3 μl of purified DNA amplicons and 6 μl of H20. Cycling 
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conditions used initial denaturing at 95 °C for 10 min, followed by 12 cycles of 

denaturing at 95°C for 30 s, annealing at 60°C for 30s and extension at 72°C for 10s.  

The indexed secondary PCR products were quantified using a Qubit fluorometer 

(ThermoFisher Scientific, Waltham, MA, USA) with the dsDNA High Sensitivity Assay 

Kit (Life Technologies Corp., Carlsbad, CA), normalized to equimolar concentrations, 

and pooled together before purification using QIAquick PCR Purification Kit (Qiagen). 

Sequencing was performed on a MiSeq platform using the Reagent Kit v3 for 2 x 300 bp 

paired-end reads (Illumina, San Diego, CA, USA) and run at the Stanford University 

PAN Facility. PhiX DNA spike-in control (18%) was added to improve the data quality.  

2.7 | Bioinformatics  

ITS2 Plants & 18S Endoparasites 

Sequencing success and read quality were verified using FastQC v0.11.8, and 

reads were demultiplexed by using Illumina-utils v2.6 (iu-demultiplex) using default 

settings. Sequences of each sample were then merged using the -fastq_mergepairs option 

in Usearch v11.0.667 (Edgar, 2010). The 18S forward and reverse primer and the ITS2 

forward and reverse primers were removed using Cutadapt v1.18. Cutadapt is also used 

to discard sequences with lengths below 200 bp and above 400 bp for the 18S samples 

and below 187 bp and above 387 bp for the ITS2 samples. Expected error filtering as 

implemented in Usearch was then used to discard low-quality reads (max_ee=0.5) (Edgar 

and Flyvbjerg, 2015). Instead of OTU clustering, reads affected by sequencing and PCR 

errors were then removed using the UNOISE3 algorithm with an alpha value of 5 (Edgar, 

2016). This denoising was applied to each individual sample, and ESVs were compiled 

including sequences and read counts for each sample.  
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Taxonomy was assigned to each ESV by mapping them against GenBank 

reference data (Benson et al., 2005) and Jonah Ventures (jonahventures.com) voucher 

sequence records, using usearch_global with –maxaccepts 0 and –maxrejects 0 to ensure 

mapping accuracy. Consensus taxonomy was generated from the hit tables, by first 

considering 100% matches, and then decreasing in 1% steps until hits were present for 

each ESV. In the respective 1% bracket, we used a cut-off for taxonomy present in at 

least 90% of the hits, or reported an NA, if several taxa matched the ESV. To reduce 

errors caused by misidentified taxa, the bracket was increased to 2% if matches of 97% or 

higher were present, and no family level taxonomy was returned. All ESVs with <10 

ITS2 reads were excluded from analysis for diet. We only kept reads from the phyla 

Nematoda and Platyhelminthes for this study and all non-target ESVs were removed 

(Moorhouse-Gann et al., 2018). Finally, all sequences with >1% of the total reads in the 

negative controls were removed from our samples (Meyer et al., 2020). The samples for 

both plant and parasites were not rarefied to include rare and undocumented taxa (Willis, 

2019). All analyses were conducted on sequences with a match >97% for species, >95% 

match for Genus and >90% for Family and above.  

2.8 | Statistical analysis 

The Shannon’s diversity index (H) accounts for both the number of species 

(species richness) and the relative abundance (evenness) of the plant taxa present in the 

diet and the helminth taxa in each elephant and was calculated using the vegan package 

(Oksanen et al., 2019a)  in RStudio version 2022.02.1 (R Core Team, 2020) to assess 

alpha diversity. We compared the mean ranks of the parasite and plant abundance, 

diversity and richness between elephant species, sex, age, habitat, social groups, and 
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functional groups using a Kruskal–Wallis nonparametric test and compared pairwise 

differences using a Dunn's test with Bonferroni correction for the p-values. A two 

proportions z-tests to compare two independent population proportions with 95% 

confidence levels. 

To assess beta diversity, we calculated the Bray–Curtis dissimilarity based on the 

square root transformed relative read abundance data (McCune & Mefford, 2018) and 

visualized the distance matrix with an NMDS plot. We used adonis2 (i.e. PerMANOVA 

for dissimilarity matrices) to test if there were any differences in helminths community 

composition in relation to host species identity (i.e. forest vs. hybrid), sex, age, year, 

social group, and habitat type (Li et al., 2016; Kumbhare et al., 2020). Our model was set 

up as:  

adonis2(ele.matrix ~ Year*Species*Age*Sex*Group*Habitat, data=data.scores, 

permutations = 999, method="bray", k=3). If there were significant interactions, we ran a 

pairwise assessment using pairwise.adonis to determine where the differences occurred.  

3 | RESULTS 

We collected a total of 74 elephant fecal samples during the rainy season in May 

2017 (n = 16), and May 2019 (n = 58), across three habitat types, Grasslands, 

Woodlands, and a Human-Altered Landscape (HAL) (Figure 1). Thirteen of the samples 

were collected directly from elephants that were being collared with a GPS tracker by 

African Parks, meaning we could test our sex determination methods against these known 

individuals. After successfully amplifying the X-Y homologs of the AMEL gene and 

assessing bolus size, our sample size included 45 females and 28 males (one sample did 
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not amplify), of which 64 were adults and 10 were juveniles. The unsexed individual was 

removed from ITS2 and 18S analyses.  

3.1 | Hybrid assessment with Nuclear SNP  

Forest and savanna elephants can be distinguished from degraded DNA samples, such 

as those from fecal samples, using SNP differences in three X-linked nuclear genes 

(BGN, PHK, PLP) (Roca and O’Brien, 2005; Ishida et al., 2011a). For the first time, we 

paired previously published primers with high-throughput sequencing to identify the 

hybridization of forest and savanna elephants in 74 fecal samples. We determined an 

elephant to be a hybrid if it carried any savanna elephant-specific SNPs (one allele or 

two) at any of the six diagnostic sites (Table 2). The average sequencing depth per 

sample per SNP site was 90,898 ± 6480. SNPs with 20% or less of the reads indicating a 

second genotype were considered homozygous, while those with more than 20% of the 

reads indicating a second genotype were considered heterozygous. We removed all SNPs 

that were sequenced with less than 500 reads; thus, three samples were removed due to a 

low number of reads (N=71, 2 from 2017 and 1 from 2019 were removed). Males cannot 

be heterozygote at the X-linked SNP diagnostic location, providing a second 

confirmation of sex calling of hybrids. We did not identify any male hybrids with 

heterozygous sites, therefore confirming sex of those individuals. 

In our fecal samples from the GNP elephant population, we identified 30% (n=21) as 

hybrids of forest and savanna elephants and 70% (n=50) as forest elephants. Among the 

hybrids, there was a mean of 2.38 ± 0.38 SE (min = 1; max = 6) savanna elephant-

specific SNPs in each hybrid. The same ratio of hybrids to forest elephants was 

represented similarly across each of the three sub-sampled habitat type with an average of 
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29% hybrids and 71% forest elephants. Forest and hybrids both occupied the grasslands 

(64% and 67% respectively) more than the woodlands (26% and 24%) and human-altered 

landscape (10% and 10%). We also observed a similar proportion of our male and female 

samples to be hybrids (26% and 33% respectively). Of the 21 hybrids, only one was a 

juvenile; all other juveniles (n=9) were forest elephants. 

3.2 | Mitochondrial Haplotypes 

A 314 bp segment of the Hypervariable region 1 (HVR1) was successfully 

amplified and sequenced in 73 (one 2017 sample did not amplify) GNP African elephant 

samples (mean 1901 ± 43 reads/sample), and all sequences were deposited in GenBank. 

We identified 31 variable sites and 12 unique haplotypes in our samples (Table 2).  

When mapped to the geographically referenced database of eight previously reported 

African elephant mtDNA subclades (Ishida et al., 2013c), our samples grouped with the 

East-Central (n=60, haplotype=7) and North-Central (n=10, haplotype=3) subclades in 

the F-Clade and Northern-Savanna subclade (n=3, haplotype=2) within the S-Clade 

(Figure 2, Table 3). There were 8 haplotypes that were considered novel as they did not 

match sequences previously reported. 

When comparing the nuclear data to the mtDNA haplotypes, we found that 23% of 

the East-Central subclade were hybrids, 50% of the North-Central individuals, and 100% 

of the Northern-Savanna subclade were hybrids. Two males were identified as savanna 

elephants at all 6 nuclear SNPs and, when analyzing this with the mtDNA, one clustered 

with the East-Central F-Clade and the other with the Northern-Savanna S-Clade.  
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3.3 | 18S Endoparasites 

Fecal DNA metabarcoding of elephant fecal samples revealed a highly diverse 

taxonomic composition of helminths in the phyla Nematoda and Platyhelminthes. From 

the 65 samples sequenced, a total of 813,984 raw reads were generated and 1,024 

Amplicon Sequence Variances (ASVs) post-filtration with a mean of 11,360 ± 424 

(min=2,589, max=27,887) reads per sample. Focusing only on the phyla Nematoda and 

Platyhelminthes, 629,376 reads and 269 ASVs remained with a filtration of >97% match 

to species, >95% to genus, and >90% to higher taxa (Table S1 Supporting Information). 

Two samples were removed for containing less than 1,000 reads, they went from ~3,000 

reads to ~300 with the removal of phylum Apicomplexa. The average number of reads 

per sample post-filtration was 9,990 ± 485 SE (min = 1,807, max = 27,833). Helminth 

species richness averaged 20.65 ± 1.45 (min = 3, max = 49) taxa per sample. Focusing 

the data exclusively on the two phyla Nematoda (21% of reads) and Platyhelminthes 

(79% of reads), the endoparasites in the fecal samples encompassed 6 classes, 11 orders, 

22 families, 22 genera, and 12 species (Table S2 Supporting Information). This 

comprises a total of 41 unique taxa. After taxonomic assignment, a total of three ESVs 

(genera Trematoda and Tremellomycetes) were in the negative controls; however, < 

0.001% of the total reads were from those ESVs (157 reads). According to the species 

accumulation curves, the estimated asymptote was reached for ESVs greater than one 

occurrence (Figure S2 in Supporting Information). 

Finally, we identified the host and life cycle of each of the 41 OTUs and removed 

all helminths that were known to be parasites of arthropods and plants. It is possible that 

these parasites were either consumed within the vegetation or were from arthropods i.e., 
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dung beetles utilizing the dung. Here, we wanted to focus on OTUs that are possibly 

parasitizing elephants. Before the removal of these OTUs, there was a habitat difference 

in parasite composition (psudo-F2,60=2.96, R2 = 0.09, P=0.01). 

Twelve OTUs remained comprising 130 ASVs with Nematoda (6 OTUs) making 

up 7% of reads and Platyhelminthes (6 OTUs) 93% of reads. The endoparasites in the 

fecal samples encompassed 2 classes (Chromadorea and Trematoda), 4 orders, 6 families, 

6 genera, and 4 species (Figure 3). ASVs identified to the same species were combined 

into one ASV. Helminth richness was then 13.35 ± 1.05 (min = 1, max = 34) ASVs per 

sample.  

The genus Drepanocephalus was found in 53% of the fecal samples. There are 

only three described species within this genus and little is known except that one species 

in the genus parasitizes fish and the birds that eat them in North America (Kudlai et al., 

2015), and an unlikely candidate in Africa. However, when the sequences were blasted in 

NCBI they matched (98%) with Fascioloides jacksoni (syn. Fasciola jacksoni), equal to 

Drepanocephalus. Fascioloides jacksoni is known to infect elephants, therefore, a more 

likely match and was changed for all analyses.  

Descriptive Statistical Analyses 

The forest elephant host-specific parasite Bivitellobilharzia loxodontae (here B. 

nairi) infested 75% (30/40) of forest elephants and significantly less hybrid elephants, 

23% (3/13), in 2019 (z = 3.03, p = 0.002) (Figure 3, 4). We also observed a significant 

difference between the mean RRA of Bivitellobilharzia between forest (15% ± 3%) and 

hybrid (4% ± 4%) elephants (H=8.10, P=0.004). All three of the hybrid elephants that 

were burdened with Bivitellobilharzia were from the East-Central subclade, furthest 
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mapped from the Savanna elephant S-Clade. Across the population, B. nairi was recorded 

in 62% of the GNP elephant population, making up a mean relative read abundance of 

12% ± 3% SE in each positive fecal sample.  More elephants carry this fluke in the 

human-altered landscape, along the riverine habitat, and grasslands than do elephants 

within the woodlands (86% of samples, 67%, and 44% respectively).  

Nighty-six percent of the elephants were burdened with parasites from the order 

of Plagiorchilda (Trematodes), intestinal flukes making up 63% ± 5% SE RRA (Figure 3, 

4). This parasite order occurred similarly in forest and hybrid elephants (P>0.05). 

Eighteen percent of the total number of reads were only classified to the class Trematoda 

and infected 89% of the population, 90% of forest and 85% of the hybrid elephants. The 

genera Strongyloides has only been found in one recent study of forest elephant (Dibakou 

et al., 2021), while in GNP it was only present in one forest and one hybrid elephant, 

comprising 0.01% of the sequence reads.   

The family Fasciolidae, the giant intestinal flukes, was found in 60% of the 

sampled population (RRA of 2% ± 0.3% SE/sample). Two species were identified in this 

family and more hybrid elephants were infected with Fascioloides jacksoni (syn. 

Fasciola jacksoni) 77% (10/13) than forest elephants 50% (20/40), with similar infection 

of Fasciolopsis buski (Hybrids: 23% (3/13); Forest: 30% 12/40) (Figure 4).  

Seventy percent of juveniles were infected with parasites Bivitellobilharzia and F. 

jacksoni compared to 60% and 53% of adult females. Strongylida and F. buski infected 

50% of the juveniles and only 2% and 23% of adults (Figure 4).  
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Alpha diversity 

Shannon diversity of helminths for all samples (n=62) and ESVs (130) ranged 

from 0 – 2.14 (mean 1.00 ± 0.09) and richness per sample 1 - 34 ESVs (mean 13.35 ± 

1.14) (Table 3). Although there was not a significant difference between the richness (H 

=1.99, df=1, P=0.15) or diversity (H=2.04, df=1, P=0.15) of samples from 2017 and 

2019, there is a clear difference in richness and diversity between 2017 (9.89 ± 2.23; 0.71 

± 0.18) and 2019 (13.94 ± 1.16; 1.05 ± 0.09) elephant samples. Forest elephants were 

also infected with a greater richness of helminths (14.11 ± 1.32) and hybrid elephants 

(11.35 ± 1.52). Juveniles were burdened with a greater diversity of helminths than adults 

(H =3.81, df=1, P=0.05). 

In 2019, there was a habitat difference in species richness (H=7.33, df=2, 

P=0.03), with elephants in the human-altered landscape burdened with a greater number 

of helminth than elephants in the woodlands (pairwise test: P<0.05) (Table 4). There was 

no difference in parasite richness or diversity between elephant sex, age, species, or 

social groups.  

Beta diversity 

After the removal of insect and plant helminths, there was no significant 

difference in helminth composition among elephants in different habitats (Table 5). We 

first assessed all elephant samples collected in 2017 and 2019 to determine if there was a 

difference in helminth composition between the years (Figure 5). The PERMANOVA 

identified Year, Species, and Age as predictors of helminth composition, with 

Year:Species interactions and Year:Species:Sex interactions. A pairwise comparison of 

the interactions reveals a significant difference between 2017 and 2019 forest elephants, 
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and 2017 and 2019 hybrid elephants and the 2017 forest elephant and 2019 hybrids 

(Table 5). The 2017 female forest elephants differed from the 2019 forest male and 

female elephants in helminth composition. The age difference is only represented in the 

2019 samples since only adult samples were collected in 2017.  

We focused on the 2019 data to identify significant predictors of helminth 

composition because of the small sample size, differences in collection methods of the 

2017 samples and the differences between species and years. Phylogeny (N=53, F= 3.64, 

R2=0.06, P=0.014) and age (N=53, F= 4.75, R2=0.07, P=0.002) have a significant effect 

on parasite composition (Table 6 & Figure 6a,b).  

3.4 | ITS2 Diet 

We sequenced 70 African elephant fecal samples from 2017 (n=13) and 2019 

(n=57) to identify diets across three habitats. A total of 908,983 raw reads were generated 

and 2,130 Amplicon Sequence Variances (ASVs). Post-filtration, along with a >97% 

match to species, >95% to genus, and >90% to higher taxa, 518,251 reads, and 1,030 

ASVs (727 after combining individual species) remained to make up 121 unique OTUs. 

We removed two samples that were not identified as hybrid or forest elephants; thus, all 

analyses were conducted with 68 samples and 714 ASV for 2017 and 2019 combined and 

56 samples comprising 570 ASVs for the 2019 samples only. 

Collection year had the largest effect on the helminth and diet composition, and 

elephants in 2019 consumed a greater diversity of plant taxa. Annual variation in 

parasites and diet is common as both are dependent on rainfall (Thurber et al., 2011; 

Titcomb et al., 2021). The precipitation in 2019 (1559mm) and NDVI score (0.6233) 

were much greater than in 2017 (1188 mm, NDVI 0.5598) (Achille et al., 2021), possibly 
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impacting both parasite and diet diversity. The 2017 samples were also stored for a 

longer time, which might impact the degradation of the DNA (Murphy et al., 2007a). 

Because of these factors, the 2017 samples were removed from all the final plant and 

helminth analyses.  

Alpha diversity 

 Elephant fecal samples from 2017 contained an average of 37.75 ± 6.74 plant taxa 

per sample with a diet diversity of 2.33 ± 0.07 and for 2019 samples, diet richness was 

45.30 ± 0.19 and diversity 2.67 ± 0.05. There was no significant difference in diversity or 

species plant richness between the 2017 and 2019 samples (P>0.05). Forest elephants had 

a richer (H=8.57, df=1, P = 0.003, Richness: 47.62 ± 11.34 and 35.2 ± 3.69 respectively) 

and more diverse diet than hybrid elephants (H = 3.68, df=1, P = 0.05; Shannon’s 

Diversity: 2.71 ± 0.05 and 2.35 ± 0.14 respectively). Sex, age, and habitat did not affect 

elephant diet diversity (P>0.05). There is no difference in diet diversity of forest and 

hybrid elephants when we remove the 2017 elephant samples (P>0.05). There was more 

variance, possibly from the small sample size and poor sample quality in the 2017 

samples.    

Beta diversity 

To determine whether elephant phylogeny, habitat type, year, sex, age, social group, 

and their interactions explained diet composition, we used PERMANOVA. Habitat type 

was the strongest predictor of diet composition (N=68, F= 11.29 R2=0.22, P=0.001; 

pairwise P<0.003 between each habitat type), which was found in Meyer et al., (2022) 

previously. Year (2017 and 2019 collection periods) was also a significant predictor of 
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diet composition and significant interactions occurred between Habitat, Sex, Age, and 

Species (Table 7). For visual purposes, two male samples that were collected in the 

woodlands and clustered with the grasslands were removed in Figure 7b, most likely 

moving between habits quickly. Because there was a significant habitat difference, we are 

only reporting on the pairwise comparison that is of ecological importance, e.g., 

differences within habitat type (Table 7). A subsequent pairwise test indicated a 

significant difference between 2017 and 2019 elephants in the grasslands and 2017 

females compared to 2019 females and males, with a slight difference between 2017 

hybrids and 2019 forest elephants.  While there was an overall species and sex difference, 

this was being driven by strong habitat type differences in diet composition (Figure 7a).  

 Removing the effect of the year in the model, we focused specifically on the 2019 

data. Again, the model identified habitat, species, and sex to be driving the differences in 

diet composition (Table 8). While there was an interaction between each of these 

variables, there was not a pairwise significance when species or sex were in the same 

environment, therefore habitat was the main predictor for diet composition.  

To interrogate the data further to assess forest and hybrid elephant differences in diet, 

we combined both primers together per sample for the 2019 data (N=53) and identified 

each plant ASV taxa to its functional group (grass, herb, legume, woody). We calculated 

the mean diversity (i.e., number of different grass or woody taxa per sample) of different 

functional groups within each sample for hybrids and forest elephants (Table 9). The 

average number of taxa consumed per functional group was almost identical between the 

two groups of elephants. However, when comparing the mean relative read abundance of 

each of these groups, forest elephants consumed a greater proportion of grasses than 
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hybrid elephants (H = 5.75, df=1, P=0.016), while hybrids consumed more herbaceous 

plants (H = 5.65, df=1, P=0.017). 

4 | DISCUSSION  

Elephants play a vital role as central conductors of energy and habitat architects 

within biomes, orchestrating a dynamic network of interactions and causing a ripple 

effect on the landscape, food webs, and animal communities (Pringle, 2008; Fritz, 2017). 

Addressing the impact that the hybridization of ecosystem engineers or key stone species, 

the elephant, may have on their internal and external environment is critical to understand 

whether novel ecosystem functions will emerge (Brennan et al., 2014).  

In a hybrid zone in the Democratic Republic of Congo, we identified a large 

proportion of the sampled population to be a hybrid of forest and savanna elephants 

(30%), with the remainder identified as forest elephants (L. cyclotis). The sub-sample in 

each of the three habitat types and between the sexes revealed the same 30:70 ratio, 

allowing meaningful comparisons to be done across the landscape.  

This is the first study to record the effect of hybridization and demographic and 

environmental variables on parasite burden in Forest and hybrid elephants, and in a large 

mammal hybrid. Our results indicate that elephant phylogeny influences helminth 

composition and diversity and that the hybridization is associated with significantly 

reduced host-specific parasite infection. Younger elephants are also more infected with 

helminths and with a different composition than adults. Hybrids in have been found to be 

less negatively impacted by parasites when compared to their parental taxa, such that 

selection could favor admixed individuals (Baird et al., 2012; Theodosopoulos et al., 

2019). The hybridization of the forest and savanna elephant could be creating some 
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resiliency in the population with respect to parasitic infection, as seen in other studies 

(Tompkins et al., 2006; Peters et al., 2019). However, more research is necessary to 

address the actual fitness of the hybrid (e.g., health through microbiome, fertility, 

fecundity, and survival) in comparison to their parents. 

Garamba forest elephants and hybrid elephants have very similar ecologies 

(dietary composition and habitat use) when they were found in the same habitat. 

Although similar, our previous study (Meyer et al., 2022) found this population of 

elephants to be unique in diet and habitat use compared to other frugivorous forest 

elephant populations, consuming mostly grass and spending half of their time in the 

grasslands. With nearly a third of the GNP population as hybrids, it is plausible that 

hybrids may be driving behavior to be present in the open, perhaps pulling their forest 

family members out into the savannas, and seemingly maintaining these grasslands as did 

savanna elephants.  

4.1 | Who are these elephants out on the grasslands?  

African elephant hybrids are now more easily detected due to the ability to 

analyze genetic data more efficiently and cost-effectively (Mondol et al., 2015; Bonnald 

et al., 2021). In this study, mitochondrial DNA from elephant fecal samples in GNP 

grouped with three of the eight identified elephant subclades (Ishida et al., 2013), two in 

the F-Clade (East-Central and North-Central), and one within the S-Clade, Northern-

Savanna subclade (Figure 2; Table 2). The greatest proportion of hybrid elephants 

clustered in the North-Central and Northern-Savanna subclades (Figure 2). These 

findings are similar to previous research of 19 samples from Garamba in which four 
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samples were identified as hybrids and grouped with the same three subclades (Roca et 

al., 2001b; Ishida et al., 2013).  

Savanna elephant populations are known to carry F-clade mtDNA derived from forest 

elephants; however, no S-clade mtDNA has been detected in forest populations deep 

within the tropical forests, only in one sample from Garamba in an earlier study (Roca et 

al., 2001b; Ishida et al., 2011b). We identified three samples to cluster in the Northern-

Savanna S-clade, one of which was identified as a savanna elephant at all the SNP 

diagnostic sites. One other sample was identified as a savanna elephant at all the nuclear 

SNP sites, however, clustered with the East-Central F-clade. This suggests that there 

could be one ‘pure’ savanna elephant male within this population, which would be the 

first evidence of a savanna elephant in over 70 years. Further analysis would need to be 

done to confirm this finding. 

Contrary to a recent study in nearby Uganda (Bonnald et al, 2021), we found more 

forest elephants and hybrids than savanna elephants. Bonnald et al (2021) found that 

72.5% of the sampled elephants were hybrids and the rest were savanna elephants. 

Another analysis of elephants in the same region in 2014 (Mondol et al. 2015) identified 

only 18% of the sampled elephants to be hybrids, with both forest and savanna elephants 

present. While these two studies were in the same region, they sampled elephants across 

different time periods, used slightly different methods and assessed a portion of the total 

population. While it appears that the hybrid population is growing, it is difficult to 

determine whether forest elephants are in decline, have moved away from this region, or 

whether it is an artifact of methodologies. 
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4.2 | Does introgression affect the host specificity and diversity of parasite infection?  

Parasites can significantly influence the evolutionary trajectory of their host 

species within hybrid zones, playing an important role in shaping species boundaries 

(Theodosopoulos et al., 2019). Many factors influence the fitness of hybrids, as these 

barriers can either be reinforced with unfit hybrids (e.g., infertility) or eroded by hybrid 

vigor (e.g., increased immune function) (Adavoudi and Pilot, 2022). In a critically 

endangered species, such as the forest elephant, understanding the impact of 

hybridization on the individual and ecosystem is of importance to developing the survival 

strategy, for both species and ecosystem.  

Hybrid elephants in Garamba appear to carry a different helminth composition 

and reduced parasitic load compared to the forest elephant in the same habitats. 

Coevolution between parasites and their associated hosts has led to apparent host 

specificity, although it is not always clear whether this is a factor of their environment 

(Mostowy and Engelstadter, 2011; Brunner and Eizaguirre, 2016). Elephant-associated 

parasites were originally described as host-specific to either Asian or African elephants 

(Fowler 2006), having evolved over ~5 Mya years since elephantids diverged 

(Palkopoulou et al., 2018).  A recent example of parasite speciation in Asian and African 

elephants was the molecular identification of divergent Cyathostomine 

nematodes Murshidia and Quilonia in which the two elephants share parasites of the 

same genus but differ in species (Chel et al., 2020). However, some parasite species are 

shared between African forest elephants and Asian elephants (possibly due to their shared 

occupancy of forest environments), but not with savanna elephants, despite African forest 

and savanna elephants being sister species. More recent studies have identified profound 
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host-specific parasite differences between forest and savanna elephants, with few shared 

between these two elephant species (Mclean et al., 2012). However, little is known about 

forest elephant parasitism or the effects of infection on free-ranging elephants (Elsheikha 

and Obanda, 2010) 

Bivitellobilharzia loxodontae; one of the most poorly known schistosomes, is a 

host-specific parasite of forest elephants that has been recorded in the DRC (Vogel & 

Minning, 1940; Kinsella et al., 2004) and the Central African Republic (Brant et al., 

2012), and has not been recorded to infect savanna elephants. The reference database 

identified a surprising 34% of our reads to the species B. nairi. Bivitellobilharzia nairi is 

known to occur in the Indian elephant (Elephus maximus) (Brant et al., 2013) and Indian 

rhinoceros (Rhinoceros unicornis) (Devkota et al., 2014); however it has not been 

identified in African elephants. Although the ASVs are a 100% match to the reference in 

the GenBank database, the 18S gene sequence for the B. loxodontae does not exist. Only 

28S & COX1 are presently identified for this species, and we believe this may be a 

misidentification because of the missing 18S sequence. Brant et al., (2013) found in their 

phylogenetic analysis of 28S sequences (currently in the database), that their specimens 

grouped closely with B. nairi. Therefore, we refer this sequence to be B. loxodontae, 

presently known in the Congo.  

We found a significantly greater proportion of forest elephants infected with the 

blood fluke B. loxodontae parasite than hybrids.  The ecology and individual 

characteristics of an animal (sex, age) can dramatically influence parasite exposure and 

infection rate, which we accounted for in this study through diet, habitat use, sex, age, 

and social structure. The small number (3 samples) of infected hybrid’s mtDNA clustered 
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with the most dominant forest elephant subclade that is furthest related to the Savanna 

elephant clade (i.e., more forest than savanna elephant) (Figure 2). This distance in 

relation might account for the susceptibility to infection in these three elephants, if 

phylogeny is playing a role in susceptibility. Trematodes are largely transmitted through 

the presence of water and snails and Garamba elephants are most likely acquiring these 

helminths in the marshy grasslands and human altered landscape (HAL) riverine habitat, 

where we noted infection rates to be the greatest (Sherrard-Smith et al., 2013). 

Phylogeny, however, seems to be a stronger argument than environment for the presence 

of host-specific parasite B. loxodontae since each of the three infected hybrids were from 

each of the different habitats (1 in the grasslands, 1 HAL, 1 woodlands), and there was no 

difference in habitat use between forest and hybrid elephants.  

We identified another elephant specific fluke, Fascioloides jacksoni (syn. 

Fasciola jacksoni), in over half of the GNP sampled elephants that was in a greater 

proportion of the hybrid elephant (77% vs 50%). F. jacksoni is well known as a 

widespread pathogen in Indian elephants in the Indomalaya region (Perera et al., 2015; 

Alahakoon, 1994). We also identified Fasciolopsis buski in 28% of the sampled GNP 

elephant, a species with a low divergence rate from F. jacksoni (Rajapakse et al., 2020). 

However, this parasite is only known to infect humans and pigs primarily in India and 

Southern Asia (Lotfy et al., 2008).  As far as we are aware, there have been no cases 

identified in either of the African elephant species. The African elephant specific 

intestinal fluke that is also in the family Fasciolidae, Protofasciola robusta, has been 

reported in both savanna elephants (Obanda et al., 2011) and in forest elephants (Kinsella 

et al., 2004), but not in Asian elephants. Although P. robusta is in the GenBank reference 
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database, the 18S gene that this study targeted is not in the database. It is hard to 

conclude the identification of new species on the continent of Africa, versus the 

possibility of the OTUs belonging to P. robusta, as these three parasites, F. jacksoni, F. 

buski and P. robusta, are very closely related (Lotfy et al., 2008; Heneberg, 2013; 

Rajapakse et al., 2019). There are very few studies of parasites in forest elephants, 

leaving many unknowns about the species that could be present. With new HTS 

approaches it is plausible for us to extract higher quality DNA from fecal samples to 

assist with identifying new species, increasing the depth of the databases for these 

understudied regions (Flamingh et al., 2022).   

Immunity in young individuals is underdeveloped, leading to an increase in 

parasite prevalence and loads (Lynsdale et al., 2017). As predicted, juvenile elephants 

were infected by a greater diversity of helminths. These differences could be a result of 

an immature immune system and juvenile elephants are highly tactile with one another, 

likely resulting in shared parasites (Lynsdale et al., 2017; Parker et al., 2020). Young 

elephants also practice coprophagy whereby they eat the feces of elephants within their 

herd, increasing the diversity of not only their microbes but also parasites. As elephants 

mature, they decrease acts of coprophagia and play (Meyer et al., 2006) and their immune 

function matures.  

The greatest age variance was in the infection of nematode suborder Strongylida, 

known as the hookworms, which was in half of the juveniles yet only one adult elephant, 

of which five were forest elephants and one hybrid. This is comparable to a study in wild 

savanna elephants where younger elephants had higher strongylid loads than adults 

(Parker et al., 2020). Parasites from Strongylida have been found frequently in savanna 
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elephants (Thurber et al., 2011; Mclean et al., 2012; Parker et al., 2020). One study in 

forest elephants identified strongylid eggs in 5 out of 6 samples (Kinsella et al., 2004) 

and more recently, a newly described species Equinurbia blakei (Nematoda: 

Strongyloidea: Strongylidae) was discovered in forest elephants from Central African 

Republic, Africa (Carreno and Kinsella, 2008). It is important to note that this more 

common parasite infected very few elephants within Garamba and made up minimal 

relative read abondance (0.03% of the reads; 14 – 33 reads/fecal sample).  

4.3 | How does hybridization affect the ecology of an individual? 

Hybrids may shift ecosystem functions by fulfilling an unoccupied niche or 

outcompeting the parent taxa (Leitch et al., 2014). There have been no studies conducted 

on the ecology of wild large mammal hybrids, with a few on smaller species, such as 

rodents (Nielsen and Matocq, 2021), birds (Good et al., 2000), insects (Lee et al., 2006), 

and fish (Montanari et al., 2012, 2016; Cui et al., 2022).  

In this study, Garamba forest elephants and hybrid elephants were found to have 

very similar ecologies, reflected in strongly overlapping patterns of abundance and 

dietary composition (Figure 6). Forest elephants did however consume a greater mean 

relative abundance of grass and fewer herbaceous plants compared to the hybrid 

elephants.  Foraging is a learned behavior in young elephants and our study supports this 

by finding that age and species had no effect on diet composition.  Young elephants learn 

what plants to eat from foraging near their mother and other herd members. A hybrid 

juvenile would be expected to do the same, learning from the mother who is more likely 

to be a forest elephant (Roca et al., 2001b). These ecological similarities and habitat 

overlap among parent species and hybrids is not uncommon and might facilitate 
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continued social interactions between forest and hybrid elephants, leading to more 

introgression within the population (Montanari et al., 2012; Mondol et al., 2015).  

In the savanna grasslands of Garamba, devoid of previously large numbers of 

megaherbivores (white rhino, buffalo, hippopotamus, elephant), a unique, intermingled 

hybrid and forest elephant population might be fulfilling vacant niches and maintaining 

ecosystem function (Meyer et al., 2022). Hybrids are providing a similar ecosystem 

function to Garamba’s forest elephants; however, the population as a whole is very 

different to most other studied forest elephant populations (Campos-Arceiz and Blake, 

2011; Meyer et al., 2022). This population is instead providing a similar ecosystem 

function as the savanna elephant, maintaining savanna grasslands through consuming 

shrubs, small trees, and grasses (Ripple et al., 2016; Meyer et al., 2022). Where these 

forest/hybrid populations occur in the southern section of the park, the grasslands are 

being maintained and open, while extensive woody encroachment has been taking place 

in the northern section of the park which elephants avoid due to poaching pressure 

(Hillman-Smith et al., 1995, 2014; De Merode et al., 2000; Smith et al., 2004). 

4.4 | Conclusion and Conservation Implications 

One of the more controversial topics in conservation is interspecific hybridization 

and the protection and management of these individuals (Fitzpatrick et al., 2015; Draper 

et al., 2021). As we are becoming more aware of the prevalence of hybrids (estimated 

25% of plants species and 10% of animal species), either from improved genomic 

methods or from anthropogenic pressures, the conversation is becoming more pertinent 

(Adavoudi and Pilot, 2022). Currently, there are no laws to protect hybrids, as in some 

cases they are perceived as a threat to the survival of pure species (Todesco et al., 2016). 
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However, hybridization is a natural phenomenon that happens routinely and can even be 

beneficial to the future of the species in rapidly changing environments through novel 

adaptive variation (Theodosopoulos et al., 2019; Draper et al., 2021; Adavoudi and Pilot, 

2022). 

In these swiftly changing times, we need to focus more on the functional 

ecosystem survival plan, than species-specific survival plans, which might be beneficial 

in the discussions of hybrid protection (Todesco et al., 2016). In the grasslands of the 

DRC, defaunated of 98% of its megaherbivores (buffalo, hippopotamus, white rhino, and 

elephant) since the early 1970’s (Hillman Smith et al., 2014), we identified nearly a third 

of the population of critically endangered forest elephants to be hybrids, a mix of savanna 

and forest elephants. Introgression was prevalent in both males and females and equally 

distributed (compared to forest elephants) throughout the woodlands, grasslands, and 

riverine human-altered landscape of the Garamba National Park. This unique co-

occurring hybrid and forest elephant population plays a fundamental role in the 

maintenance of Garamba’s grasslands in the South of the park, yet it is unclear which 

factor is driving this unique behavior; mixed genetics or a landscape of fear or both. 

Poaching pressure has been identified as a driver of movement patterns within Garamba, 

pushing elephants into the grassland ‘safe zone’ that is patrolled by African Parks rangers 

(Hillman-Smith et al., 2014). Regardless, hybrids are fulfilling an equal role to their 

parent species and might even have an advantage over their forest elephant parent, in that 

they are less likely to be infected with the potentially pathogenic host-specific, B. 

loxodontae (seemingly abundant in this landscape), and to carry a reduced load and 

different helminth composition. A pathogenic liver fluke unknown to the African 
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continent, Fasciola jacksoni, however was detected in a greater proportion of hybrid 

elephants, therefore, more research needs be conducted to better understand these 

impacts.  

We surmise that the resistance of particular parasites may be a mechanism 

shaping the relative fitness of hybrids (Moulia, 1999), and could be influencing the 

success of introgression that we are observing in the Garamba elephant population. 

Although we could not measure any level of fitness within this population, it would be 

advisable to assess the fecundity, age of first calf, and social structure of these hybrid 

family groups. The unique differences in the diet of this population compared to other 

frugivorous forest elephants and their parasitic composition, might lead to an increase in 

fitness and aid in and the lowering of their population doubling time (60 years vs 20 years 

in savanna elephants), allowing this critically endangered species to recover more rapidly 

as a functional population within this ecosystem. Although it might not be a ‘species’ 

survival plan, it is a functional ecosystem survival plan. As such, considerations to 

introducing savanna elephants into this system need to now consider the presence of 

these novel individuals. 

Acknowledgments 

We would like to thank Institut Congolais pour la Conservation de la Nature (ICCN) and 

African Parks Network for facilitating the fieldwork and coordinating the research in the 

DRC. Additionally, we would like to thank APN staff Angela Gaylard research guidance, 

Kate Wilson, and Didier Kimpungi for assisting with the data collection, and the AP 

rangers for their protection and support. We thank Joseph Craine and Vasco Elbrecht at 

Jonah Ventures for assistance with bioinformatics and undergraduates Vrinda Suresh and 

Paul Calderon for excellent assistance in the laboratory. The manuscript was greatly 

improved after reviews by Simon Morgan. This work was conducted in accordance with 

applicable permits from the ICCN and African Parks Network, and importation of fecal 



   
 

 142 

samples was in accordance with the USDA and USFW. We are very thankful for the 

support from the Philippe S. Cohen Graduate Fellowship and an African Parks Network 

grant. 

 

 

 

 

  



   
 

 143 

5 | TABLE & FIGURES 

 
Table 4-1 Primers used in this study 

Nuclear SNP, mtDNA, sexing, and metabarcoding primers used in this study. 
 

*This primer set did not successfully amplify DNA from any of our samples and was not included 
in downstream protocols or analyses.  
 

  

Primer Name Gene and region amplifiedLeft primer sequence 5' - 3' Right primer sequence 5' - 3' Citation

BGN-s1 BGN (268–331) CGTGACTATAGGGGGAGGTC ACGCACGGGAAGACACAG Ishida et al. 2011
BGN-s2 BGN (472–586) TTCCAAACAGGGTCACATCC AGCCAATTTCCTTTTGTCTGTT
PLP-s1 PLP (312-369) GATTGAGTTGGAGCCTCTGC CTCAAGCAGTGTCAAATCAAAA
PHK-s1 PHKA2 (26–73) TGTGCTCTCCTGTTGCTTTG ACCTACTTGTTGCTGACTTTTGAA
PHK-s2* PHKA2 (853–923) TCCTGCAATAAGCAGCAACA TTTCCCAAAGATGATGAAAACA

LafCR-1 HVR1 (314) TGGTCTTGTAAGCCATAAATGAAA GCTTTAATGTGCTATGTAAGACTATG Brandt et al., 2014

LafCR-2 HVR1 (314) TCGTGCATCACATTATTTACCC TGGTCCTGAAGAAAGAACCAG

AMELXY/AMELX-R X-specific AMELX (196) TTCTGGAATCTGGTTTGAGGCT ATCTTTACAACAAAA CAATTGTTAACCATGCTC Lohay 2020

AMELXY/AMELY-R Y-specific AMELY (262) TTCTGGAATCTGGTTTGAGGCT TCAGATTCAGAGTTTCCTTCA TGCAGTAG

UniPlantF/UniPlantR ITS2 (187-387) TGTGAATTGCARRATYCMG CCCGHYTGAYYTGRGGTCDC Moorhouse-Gann et al., 2018

MN18F/22R 18S (345) CGCGAATRGCTCATTACAACAGC GCCTGCTGCCTTCCTTGGA Bhadury et al., 2006

515F/806R 16S V4 region (253 bp) GTG CCA GCM GCC GCG GTA A GGA CTA CHV GGG TWT CTA AT
Caporaso et al., 2010; 
Gilbert et al., 2010
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Table 4-2 Species-diagnostic nucleotide & mtDNA results 

Species-diagnostic nucleotide sites present in three nuclear genes and mtDNA haplotypes and 

Subclade identification from 74 elephant fecal samples collected in Garamba National Park in 

2017 and 2019. 

 
*Identifies two samples that identified as Savanna elephant at all markers 
--Signifies SNPs that had <500 reads and could not be identified to forest or hybrid elephants  

ID
Collection 

Year
Sex

mtDNA 
Haplotype

mtDNA SubClades Species PLP_361 PHK_39 BGN-s1_304 BGN-s2_485 BGN-s2_507 BGN-s2_567

L. africana Reference A T T T G C

L. cyclotis Reference G C C C T T

GNP_001 2017 Male EC.4 East-Central -- -- -- C -- -- --
GNP_002 2017 Female EC.4 East-Central Forest G C C C T T
GNP_003 2017 Female NC.3 North-Central Hybrid A -- C/T -- -- --
GNP_004 2017 Female NC.3 North-Central Hybrid -- T C/T C T T
GNP_005 2017 Female NC.1 North-Central Hybrid A/G C C C T T
GNP_006 2017 Male NC.2 North-Central Forest -- C -- C T T
GNP_007 2017 Male EC.4 East-Central Hybrid G T C C T T
GNP_008 2017 Female NC.2 North-Central Forest G C C C T T
GNP_009 2017 Female EC.4 East-Central Forest G C C C T T
GNP_010 2017 Female EC.4 East-Central Forest G C C C T T
GNP_011 2017 Female -- -- -- -- -- -- C T T
GNP_012 2017 Female EC.4 East-Central Hybrid G -- T C T T
GNP_013 2017 Male NC.3 North-Central Forest G C C C T T
GNP_014 2017 Male NS.1 Northern-Savanna Hybrid A T T T G C
GNP_015 2017 Female NC.1 North-Central Hybrid A/G C C C T T
GNP_016 2017 Female EC.1 East-Central Hybrid G C/T -- C/T G/T C/T
GNP_017 2019 Female EC.4 East-Central Forest G C C C T T
GNP_018 2019 Male EC.4 East-Central Forest G C C C T T
GNP_019 2019 Female EC.6 East-Central Forest G C C C T T
GNP_020 2019 Female EC.4 East-Central Hybrid G C C/T C/T G/T C/T
GNP_021 2019 Female EC.4 East-Central Hybrid G C C/T C/T G/T C/T
GNP_022 2019 Female EC.6 East-Central Forest G C C C T T
GNP_023 2019 Female EC.4 East-Central Forest G C C C T T
GNP_024 2019 Male EC.4 East-Central Forest G C C C T T
GNP_025 2019 Female NC.2 North-Central Forest -- C C C T T
GNP_026 2019 Female EC.4 East-Central Hybrid G C C/T C T T
GNP_027 2019 Male EC.4 East-Central Hybrid A T T T G C
GNP_028 2019 Male EC.4 East-Central Forest G C C C T T
GNP_029 2019 Female EC.4 East-Central Hybrid A/G T C/T T G C
GNP_030 2019 Male EC.7 East-Central Forest G C C C T T
GNP_031 2019 Female EC.4 East-Central Forest G C C C T T
GNP_032 2019 Female EC.4 East-Central Forest G C C C T T
GNP_033 2019 Female EC.7 East-Central Forest G C C C T T
GNP_034 2019 Female EC.4 East-Central Forest G C C C T T
GNP_035 2019 Female EC.4 East-Central Hybrid A/G C/T C C T T
GNP_036 2019 Female EC.4 East-Central Forest G C C C T T
GNP_037 2019 Female EC.4 East-Central Forest G C C C T T
GNP_038 2019 Female NC.1 North-Central Hybrid G C/T C C T T
GNP_039 2019 Male EC.4 East-Central Forest G C C C T T
GNP_040 2019 Female EC.4 East-Central Forest G C C C T T
GNP_041 2019 Female EC.5 East-Central Forest G C C C T T
GNP_042 2019 Female EC.4 East-Central Forest G C C C T T
GNP_043 2019 Male EC.4 East-Central Forest G C C C T T
GNP_044 2019 Female EC.4 East-Central Forest G C C C T T
GNP_045 2019 Female EC.4 East-Central Forest G C C C T T
GNP_046 2019 Female EC.4 East-Central Forest G C C C T T
GNP_047 2019 Female EC.4 East-Central Forest G C C C T T
GNP_048 2019 Male EC.1 East-Central Forest G C C C T T
GNP_049 2019 Female EC.4 East-Central Forest G C C C T T
GNP_050 2019 Female EC.4 East-Central Forest G C C C T T
GNP_051 2019 -- EC.4 East-Central Forest G -- -- C T T
GNP_052 2019 Female EC.4 East-Central Hybrid G C C/T C/T G/T T
GNP_053 2019 Male EC.4 East-Central Forest G C C C T T
GNP_054 2019 Female EC.1 East-Central Forest G C C C T T
GNP_055 2019 Male EC.4 East-Central Forest G C C C T T
GNP_056 2019 Female EC.4 East-Central -- -- -- -- -- -- --
GNP_057 2019 Male EC.2 East-Central Forest G C C C T T
GNP_058 2019 Male EC.2 East-Central Forest G C -- C T T
GNP_059 2019 Female NC.3 North-Central Forest G C C C T T
GNP_060 2019 Female EC.4 East-Central Forest G C C C T T
GNP_061 2019 Female EC.4 East-Central Hybrid A/G C/T C/T C/T G/T T
GNP_062 2019 Female EC.2 East-Central Forest G C C C T T
GNP_063 2019 Male EC.2 East-Central Forest G C C C T T
GNP_064 2019 Female EC.2 East-Central Forest G C C C T T
GNP_065 2019 Male EC.7 East-Central Hybrid G T C C T T
GNP_066 2019 Male EC.4 East-Central Forest G C C C T T
GNP_067 2019 Male NS.2 Northern-Savanna Hybrid G T C C T T
GNP_068 2019 Male NS.2 Northern-Savanna Hybrid G T C C T T
GNP_069 2019 Male EC.4 East-Central Forest G C C C T T
GNP_070 2019 Male EC.4 East-Central Forest G C C C T T
GNP_071 2019 Male EC.4 East-Central Forest G C C C T T
GNP_072 2019 Male EC.4 East-Central Forest -- C C C T T
GNP_073 2019 Male EC.4 East-Central Forest G C C C T T
GNP_074 2019 Male EC.4 East-Central Hybrid G T C C T T
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Table 4-3 Mean helminth richness and diversity of variables in 2017 and 2019 

Mean helminth richness and diversity (±SE) across habitats, sex, species, age, and social groups 

of forest and hybrid elephants of Garamba National Park from 2017 and 2019.  

 
 

  

Variables Sex N Mean  ±SE Mean  ±SE
Years (Overall Total) 62 13.35 1.05 1.00 0.08

2017 9 9.89 2.23 0.71 0.18
2019 53 13.94 1.16 1.05 0.09

Forest Elephants 45 14.11 1.32 1.04 0.10
Female 27 12.85 1.53 0.96 0.12
Male 18 16.00 2.36 1.16 0.15

Hybrid Elephants 17 11.35 1.52 0.89 0.16
Female 10 11.20 1.81 0.82 0.18
Male 7 11.57 2.81 0.98 0.31

Grasslands 37 13.81 1.33 0.96 0.11
Female 26 12.62 1.37 0.89 0.12
Male 11 16.64 3.03 1.13 0.22

HAL 9 17.11 2.91 1.23 0.21
Female 1 11.00 0.65
Male 8 17.88 3.19 1.30 0.23

Woodlands 16 10.19 1.95 0.97 0.15
Female 10 12.00 2.86 1.04 0.19
Male 6 7.17 1.70 0.84 0.28
Adult 22 11.86 1.44 0.78 0.13
Juvenile 4 16.75 3.75 1.52 0.26
Adult 8 15.13 3.82 0.94 0.28
Juvenile 3 20.67 4.63 1.62 0.12
Adult 9 12.00 3.20 0.98 0.20
Juvenile 1 12.00 1.56
Adult 4 7.00 2.61 0.89 0.36
Juvenile 2 7.50 1.50 0.73 0.64

Woodlands Adult 13 10.46 2.39 0.96 0.17
Juvenile 3 9.00 1.73 1.00 0.46

Grasslands Adult 30 12.73 1.46 0.82 0.12
Juvenile 7 18.43 2.78 1.56 0.15

Adult 52 12.92 1.16 0.93 0.09
Female 32 11.88 1.31 0.83 0.10
Male 20 14.60 2.17 1.08 0.16

Juvenile 10 15.60 2.42 1.40 0.18
Female 5 15.80 3.06 1.53 0.20
Male 5 15.40 4.13 1.26 0.31

Bull 20 14.60 2.17 1.08 0.16
Family Group 42 12.76 1.16 0.97 0.10

Males in 
Woodlands

Mean Helminth Richness Mean Helminth Diversity 

Females in 
Grasslands
Males in 
Grasslands
Females in 
Woodlands
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Table 4-4 Mean helminth richness and diversity of variables in 2019 

Mean helminth richness and diversity (±SE) across habitats, sex, species, age, and social groups 

of forest and hybrid elephants of Garamba National Park from 2019.  

  

Variables Sex N Mean  ±SE Mean  ±SE
53 13.94 1.16 1.05 0.09

Forest Elephants 40 14.40 1.42 1.08 0.10
Female 23 12.70 1.68 0.98 0.13
Male 17 16.71 2.39 1.22 0.15

Hybrid Elephants 13 12.54 1.82 0.96 0.20
Female 8 11.50 2.28 0.79 0.21
Male 5 14.20 3.18 1.23 0.38

Grasslands 30 14.67 1.47 1.01 0.12
Female 21 12.57 1.53 0.87 0.14
Male 9 19.56 2.86 1.34 0.21

HAL Male 7 19.43 3.21 1.40 0.23

Woodlands 16 10.19 1.95 0.97 0.15
Female 10 12.00 2.86 1.04 0.19
Male 6 7.17 1.70 0.84 0.28
Adult 17 11.59 1.64 0.72 0.14
Juvenile 4 16.75 3.75 1.52 0.26
Adult 6 19.00 3.90 1.20 0.30
Juvenile 3 20.67 4.63 1.62 0.12
Adult 9 12.00 3.20 0.98 0.20
Juvenile 1 12.00 1.56
Adult 4 7.00 2.61 0.89 0.36
Juvenile 2 7.50 1.50 0.73 0.64

Woodlands Adult 23 13.52 1.68 0.96 0.17
Juvenile 7 18.43 2.78 1.00 0.46

Grasslands Adult 13 10.46 2.39 0.85 0.14
Juvenile 3 9.00 1.73 1.56 0.15

Adult 43 13.56 1.31 0.97 0.10
Female 26 11.73 1.51 0.81 0.12
Male 17 16.35 2.29 1.21 0.16

Juvenile 10 15.60 2.42 1.40 0.18
Female 5 15.80 3.06 1.53 0.20
Male 5 15.40 4.13 1.26 0.31

Bull 17 16.35 2.29 1.21 0.16
Family Group 36 12.81 1.29 0.97 0.11

Males in 
Woodlands

Mean Helminth Richness Mean Helminth Diversity 

Overall Total

Females in 
Grasslands
Males in 
Grasslands
Females in 
Woodlands
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Table 4-5 PERMANOVA of β-diversity parasite matrices 2017-2019 

Multivariate permutational analyses of variance (PERMANOVA) of β-diversity matrices 

indicate the main effects and interactions of main effects influencing the elephant helminth 

composition in 2017 and 2019 (N=63, ESVs = 130). Significant pairwise comparisons of the 

interactions of ecological importance.  

 

 
 

 

  

Variables Df SumOfSqs R2 F Pr(>F)
Year 1 1.550 0.121 9.581 0.001***
Species 1 0.543 0.043 3.357 0.017*
Sex 1 0.156 0.012 0.964 0.451
Age 1 0.670 0.052 4.142 0.006**
Group 1 0.220 0.017 1.361 0.254
Habitat 2 0.629 0.049 1.945 0.052
Year:Species 1 0.393 0.031 2.429 0.04*
Year:Sex 1 0.163 0.013 1.006 0.41
Species:Sex 1 0.121 0.010 0.750 0.558
Species:Age 1 0.065 0.005 0.401 0.832
Year:Habitat 1 0.087 0.007 0.536 0.743
Species:Habitat 2 0.443 0.035 1.370 0.194
Sex:Habitat 2 0.318 0.025 0.983 0.466
Age:Habitat 1 0.178 0.014 1.102 0.341
Group:Habitat 1 -0.009 -0.001 -0.055 1
Year:Species:Sex 1 0.418 0.033 2.581 0.037*
Species:Sex:Habitat 1 0.192 0.015 1.187 0.321
Residual 41 6.634 0.519
Total 61 12.7725 1

Df SumsOfSqs F.Model R2 p.value p.adjusted
Female.Forest.Y2017 vs Female.Forest.Y2019 1 1.217 6.582 0.208 0.001 0.028*
Y2017.Hybrid vs Y2019.Hybrid 1 0.812 6.013 0.286 0.006 0.036*
Y2017.Forest vs Y2019.Forest 1 1.384 7.264 0.145 0.001 0.006*
Y2017.Forest vs Y2019.Hybrid 1 1.715 10.695 0.401 0.001 0.006*

Pairwise Comparisons
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Table 4-6 PERMANOVA of β-diversity parasite matrices 2019 

Multivariate permutational analyses of variance (PERMANOVA) of β-diversity matrices 

indicate the main effects and interactions of main effects influencing the elephant helminth 

composition in 2019 (N=53, ESVs = 105).  

 
 

 

 

 

 

  

Variables Df SumOfSqs R2 F Pr(>F)
Species 1 0.48 0.06 3.64 0.014*
Sex 1 0.23 0.03 1.73 0.129
Age 1 0.63 0.07 4.75 0.002**
Group 1 0.22 0.03 1.65 0.147
Habitat 2 0.51 0.06 1.92 0.055
SubClade 2 0.61 0.07 2.28 0.029*
Species:Sex 1 0.19 0.02 1.42 0.248
Species:Age 1 0.06 0.01 0.47 0.77
Species:Habitat 2 0.18 0.02 0.66 0.708
Sex:Habitat 1 0.36 0.04 2.69 0.031*
Age:Habitat 1 0.27 0.03 2.01 0.096
Group:Habitat 1 0.09 0.01 0.69 0.575
Residual 37 4.93 0.56
Total 52 8.76 1.00
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Table 4-7 PERMANOVA of β-diversity diet matrices 2017 and 2019 

Multivariate permutational analyses of variance (PERMANOVA) of β-diversity matrices 

indicate the main effects and interactions of main effects influencing elephant diet composition in 

2017 and 2019 (N=68, ESVs=714). Significant pairwise comparisons of the interactions of 

ecological importance. 

 

 
 

 

 
 

  

Variables Df SumOfSqs R2 F Pr(>F)
Year 1 0.780 0.038 3.876 0.001***
Sex 1 0.705 0.034 3.500 0.001***
Species 1 0.402 0.020 1.995 0.019*
Age 1 0.346 0.017 1.720 0.039*
Habitat 2 4.546 0.222 11.291 0.001***
Year:Sex 1 0.440 0.021 2.185 0.005**
Year:Species 1 0.426 0.021 2.116 0.006**
Sex:Species 1 0.283 0.014 1.406 0.120
Sex:Age 1 0.208 0.010 1.032 0.379
Species:Age 1 0.149 0.007 0.739 0.771
Year:Habitat 1 0.489 0.024 2.431 0.002**
Sex:Habitat 2 0.650 0.032 1.615 0.02*
Species:Habitat 2 0.468 0.023 1.162 0.244
Age:Habitat 1 0.209 0.010 1.037 0.381
Year:Sex:Species 1 0.396 0.019 1.965 0.009**
Sex:Species:Habitat 1 0.312 0.015 1.551 0.076
Sex:Age:Habitat 1 0.206 0.010 1.021 0.419
Residual 47 9.461 0.462
Total 67 20.473 1.000

Df SumsOfSqs F.Model R2 p.value p.adjusted
Y2017.Grasslands vs Y2019.Grasslands 1 0.750 3.319 0.077 0.001 0.01*
Y2017.Female vs Y2019.Female 1 0.676 2.452 0.058 0.003 0.018*
Y2017.Female vs Y2019.Male 1 0.675 2.156 0.067 0.006 0.036*
Y2017.Hybrid vs Y2019.Forest 1 0.692 2.385 0.047 0.008 0.048*

Pairwise Comparisons
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Table 4-8 PERMANOVA of β-diversity diet matrices 2019 

Multivariate permutational analyses of variance (PERMANOVA) of β-diversity matrices 

indicating the main effects and interactions of main effects influencing elephant diet composition 

in 2019 (N=56, ESVs=570). Significant pairwise comparisons of the interactions of ecological 

importance. 

 

 
 

 
 

  

Variables Df SumOfSqs R2 F Pr(>F)
Species 1 0.332 0.021 1.767 0.05*
Sex 1 0.669 0.043 3.559 0.003*
Age 1 0.340 0.022 1.811 0.053
Group 1 0.285 0.018 1.515 0.113
Habitat 2 4.384 0.282 11.668 0.001*
Species:Sex 1 0.269 0.017 1.432 0.124
Species:Age 1 0.154 0.010 0.820 0.640
Species:Habitat 2 0.488 0.031 1.298 0.140
Sex:Habitat 1 0.217 0.014 1.153 0.278
Age:Habitat 1 0.207 0.013 1.100 0.318
Group:Habitat 1 0.174 0.011 0.928 0.493
Species:Sex:Habitat 1 0.343 0.022 1.828 0.042*
Residual 41 7.702 0.495
Total 55 15.562 1

Df SumsOfSqs F.Model R2 p.value p.adjusted
Grasslands vs HAL 1 2.102 11.291 0.234 0.001 0.003
Grasslands vs Woodlands 1 3.088 15.139 0.244 0.001 0.003
HAL vs Woodlands 1 2.089 10.153 0.316 0.001 0.003
Forest.Grasslands vs Forest.HAL 1 1.544 8.195 0.220 0.001 0.015
Forest.Grasslands vs Forest.Woodlands 1 2.106 10.363 0.224 0.001 0.015
Forest.Grasslands vs Hybrid.Woodlands 1 1.658 8.542 0.228 0.001 0.015
Hybrid.Grasslands vs Forest.HAL 1 1.077 6.104 0.404 0.002 0.03
Hybrid.Grasslands vs Forest.Woodlands 1 1.128 5.245 0.247 0.001 0.015
Forest.HAL vs Forest.Woodlands 1 1.447 6.871 0.314 0.002 0.03

Pairwise Comparisons
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Table 4-9 Table 4-9 Functional diversity of plants consumed in GNP 

Functional diversity of plants consumed, and helminths carried by forest and hybrid elephants in 

GNP. Mean ± Standard Error (SE) diversity of different functional group OTUs and relative read 

abundance of each functional group using the 12 helminths OTUs and 81 plant OTUs identified 

in forest (N=40) and hybrid (N=13) elephants.  

 

 
*P>0.05 for Grass RRA 

**P>0.05 for Herb RRA  

Functional Groups Mean Diversity 
± SE

Mean RRA 
± SE

Mean Diversity 
± SE

Mean RRA 
± SE

Flukes 3.45 ± 0.22 96 ± 1% 3.1 ± 0.19 97 ± 3%

Roundworms 1.37 ± 0.11 4 ± 1% 1.6 ± 0.09 3 ± 3%

Grass 6.83 ± 0.38 65 ± 4%* 6.62 ± 0.45 44 ± 7%*

Herb 2.83 ± 0.27 6 ± 2%** 3 ± 0.23 21 ± 7%**

Legume 3.5 ± 0.18 7 ± 1% 3.15 ± 0.22 3 ± 1%

Woody 5.53 ± 0.36 22 ± 3% 5.92 ± 0.5 32 ± 9%

Forest Elephants Hybrid Elephants
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Figure 4-1 Fecal sample collection and Forest elephant habitat use 

Map of fecal samples collected in Garamba National Park, DRC surrounded by three reserves that 

make up the greater complex (GNPC). Sample collection sites for 2017 and 2019 across Garamba 

National Park, DRC. Blue triangles are hybrid elephants (N=21) and yellow circles represent 

forest elephants (N=50).  
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Figure 4-2 Median Joining haplotype networks 

Median Joining haplotype networks. The map and previously published haplotypes were adapted 

and colored to identify the clades as defined in Ishida et al. 2013. The new additions of the GNP 

samples are in gray and represented in three distinct Subclades.  
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Figure 4-3 Helminth composition and relative read abundance  

Helminth composition and relative read abundance in elephant fecal samples. The bar graph 

represents the proportion of reads each elephant fecal sample contained for each of the 12 OTUs. 

75% of forest elephants carried Bivitellobilharzia spp. (color = black), while only 23% of the 

hybrids carried this parasite. 
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Figure 4-4 Bipartite networks of helminth abundance 

A bipartite networks depicting helminth relative read abundance (RRA) per helminth OTU and 

for each elephant group split by species, sex, and age, where percentages indicate the RRA of the 

most abundant parasite infection for each group. The table compares the frequency of occurrence 

(FOO) of each helminth OTU between different groups. 
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Figure 4-5 Collection year differences in helminth composition 

Non-metric multidimensional scaling plots (nMDS) using Bray-Curtis dissimilarity on the 

relative read abundance of helminth load in elephant fecal samples collected in 2017 (N=9) verses 

2019 (N=53) in Garamba National Park, DRC (N=63, F=8.29, R2=0.12, P=0.001).  
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Figure 4-6 Helminth composition in GNP 

Non-metric multidimensional scaling plots (nMDS) using Bray-Curtis dissimilarity on the 

relative read abundance of helminth load in GNP elephants sampled in 2019. a) Forest and hybrid 

elephants carried a significantly different composition of helminths (N=52, F=3.63, R2=0.06, 

P=0.012), as did b) adults and juveniles (N=52, F=4.75, R2=0.07, P=0.002).  
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Figure 4-7 Diet divergence between habitats and elephant speices 

Diet divergence between habitats and similarity of hybrid and forest elephants Non-metric 

multidimensional scaling plots (nMDS) using a Bray-Curtis dissimilarity of 2017 and 2019 

elephant dietary relative read abundance, showing a) similarity of hybrid and forest elephant diets 

within each habitat type and b) the differences in habitat type where samples were collected 

represented in the spider plot (N=66, F=11.83, R2=0.27, P<0.001). Points represent individual 

samples for HAL (n=9, 4 hybrids, 5 forest), savanna grasslands (n=42, 11 hybrids, 31 forest), and 

woodlands (n=15, 5 hybrids, 10 forest).  
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Appendix A. Supplemental information for Chapter 2 
 

 
Figure A-S 5 Jasper Ridge Biological Preserve sample collection 

Jasper Ridge Biological Preserve is located on the edge of the densely populated San Francisco 

Bay area and the map represents the fecal sample collection sites along trails (dotted lines) and 

roads (solid lines) from 2017 – 2018.  Fecal samples from different species are indicated in 

different colors. The camera trap array is represented by the camera icon (Leempoel et al., 2020). 
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Figure A-S 6 Species accumulation curves 

Accumulated richness (mean ± 95% confidence interval) of mOTUs from fecal samples of (A) 6 

focal species, (B) 4 herbivores and omnivores, (C) 4 predators (D) 2 carnivores, 2 Omnivores, 

and 2 Herbivores in the JRBP study area. 
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Figure A-S 7 Predator-Prey mass ratio 

The relationship between the mean mass of the four focal predator consumers and their prey mass 

at JRBP (n = 95, r = 0.62, P-value < 0.0001). 
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Figure A-S 8 Patterns of niche space of herbivores and omnivores 

Patterns of niche space across the four different focal species using non-metric multidimensional 

scaling (nMDS) for Bray-Curtis dissimilarity of relative read abundance data per fecal sample. 

The gray fox consumes are wider breadth of plants, with the deer samples consisting of similar 

plant mOTUS
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Appendix B. Supplemental information for Chapter 3 
 

 
Figure B-S 4 Megaherbivore loss at Garamba National Park. 

Based on a figure from Hillman-Smith, et al., (2014) the graph is an indication of the loss of 

megaherbivores from Garamba National Park and hunting reserves since the first count of rhino 

were done in 1963. Systematic Reconnaissance Flight (SRF) aerial surveys were initiated in 1976 

and continued until 2004, following which a mixture of SRF and total block counts were done. 

Highlighted are major poaching impact events, with general commercial poaching occurring pre-

1984 then two wars followed by skilled poachers in the form of Sudanese horsemen. The 

implementation of the Garamba Rehabilitation Project saw a recovery of hippo, elephant, and 

buffalo. Following the Liberation War, the trend has generally been downwards, until the beginning 

of the African Parks partnership with ICCN in 2005.  
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Figure B-S 5 Species accumulation curves 

Species accumulation curves (gray is mean ± 95% confidence interval) of plant operational 

taxonomic units (OTUs) (not including singletons) from fecal samples (total OTUs red) of 

elephant (blue), buffalo (black), and giraffe (yellow) in the GNPC.  
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Figure B-S 6 nMDS plot of giraffe diet differences 

NMDS plot using a Bray-Curtis dissimilarity of mammal species dietary RRA highlighting the 

difference in the fresh collected giraffe fecal samples and the older giraffe fecal samples. Further 

investigation revealed Poaceae (grasses) present in the older samples of these browsers, likely 

representing wind-blown pollen deposition on the outside of the pellets over time (Kraaijeveld et 

al., 2015; Meyer et al., 2020). After removing Poaceae from the analysis, the giraffe samples 

clustered together and can be seen in Figure 6 in the paper. 


