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For all those in whom fate and life have asked to embark on the pursuit of their dreams, to 

distance themselves from those they love the most and to pay the high price of living far 

from home. We, who came, are not free from fear and so many weaknesses but we are 

forever free from the fear of never having tried. 

(Adapted) 

 

 

 

 

 

 

 

Wammy 
My light in every 
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I like to spend some time in Mozambique 
The sunny sky is aqua blue 

And all the couples dancing cheek to cheek 
It's very nice to stay a week or two 

And fall in love just me and you. 
 

There's a lot of pretty girls in Mozambique 
And plenty time for good romance 

And everybody likes to stop and speak 
To give the special one you seek a chance 

Or maybe say hello with just a glance. 
 

Lying next to her by the ocean 
Reaching out and touching her hand 

Whispering your secret emotion 
Magic in a magical land. 

 
And when it's time for leaving Mozambique 

To say goodbye to sand and sea 
You turn around to take a final peek 

And you see why it's so unique to be 
Among the lovely people living free 

Upon the beach of sunny Mozambique. 
 

Bob Dylan, Mozambique (1976) 
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Abstract	
 
Biodiversity conservation is in crisis and urgent responses are needed to reverse the 
extinction of species, the proliferation of invasive species and the fragmentation of 
habitats. Among several approaches being implemented, the protection of species with 
great dispersal capacity and that play important ecological role has been advocated as a 
solution, since the protection of their habitat in parallel contributes to the protection of other 
species and habitats. The elephant, a megagardener of forests and savannahs, 
represents this type of species in the sense that it inhabits vast areas, has a high dispersal 
capacity and guarantees the dispersion and growth of plant species in extensive areas. 
Unfortunately, the current situation of the elephant is not positive and international efforts 
have been developed to reverse the current scenarios of reduction of its abundance and 
the protection of its habitat. This thesis focuses on African elephant species (Loxodonta 
africana and Loxodonta cyclotis) and aims to contribute to the knowledge of the main 
challenges that must be embraced for their protection, using an interdisciplinary approach 
involving scientometric analysis, climate niche modelling, multi-scale modelling of habitat 
connectivity, quasi-linear regression models and structural equations and knowledge 
syntheses. Chapter I presents a systematic review of conservation genetics studies of the 
African savannah elephant and discusses the main research areas, the elephant 
populations involved and the main lines of research addressed. Chapter 2 presents the 
modelling of the climatic niche response to multi-temporal climate change and determines 
the potential for connectivity between remaining elephant habitats and chapter 3 presents 
the interaction between environmental, socioeconomic and governance indicators to 
explain abundance of elephants in Africa, based on the most recent IUCN estimates. The 
fourth chapter discusses the main challenges associated with the introduction of African 
elephants as a strategy for the recovery of lost ecological functions with the extinction of 
megafauna in the Pleistocene, and the fifth chapter, which concludes, presents the 
synthesis of challenges and opportunities for the conservation of African elephants. 
 
Keywords: species extinction, biodiversity conservation, habitat fragmentation, 
governance, climate niche, rewilding, African elephants, connectivity.  
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Resumo	
 
A conservação da biodiversade está em crise e são necessárias respostas urgentes para 
reverter a extinção de espécies, a proliferação de espécies invasoras e a fragmentação de 
habitats. Dentre as várias abordagens sendo implementadas, a proteção de espécies com 
grande capacidade de dispersão e que desempenham papel ecológico importante tem 
sido advogada como solução, na medida em que a proteção de seu habitat paralelamente 
contribui para a proteção de outras espécies e habitats. O elefante, megajardineiro das 
florestas e savanas, representa este tipo de espécies, no sentido em que habita vastas 
áreas, tem elevada capacidade de dispersão e garante a dispersão e crescimento de 
espécies vegetais por vastas áreas. Infelizmente a situação actual do elefante não é 
positiva e esforços internacionais têm sido desenvolvidos no sentido de reverter os atuais 
cenários de redução de sua abundancia e a proteção do seu habitat. Esta tese debruça-
se sobre as espécies de elefante africano (Loxodonta africana e Loxodonta cyclotis) e 
procura contribuir para o conhecimento dos principais desafios que devem ser abraçados 
para a sua proteção, servindo-se de uma abordagem interdisciplinar envolvendo análise 
cienciométrica, modelagem de nicho climático, modelagem multi-escala de conectividade 
de habitats, modelos de regressão quasi-linear e de equações estruturais e sínteses de 
conhecimento. O capítulo 1 apresenta faz a revisão sistemática dos estudos de genética 
de conservação do elefante africano de savana e discute os principais eixos de pesquisa, 
as populações de elefantes envolvidas e as principais linhas de pesquisa abordadas. O 
capítulo 2 apresenta a modelagem da resposta do nicho climático em função de 
alterações climáticas multi-temporais e determina o potencial de conectividade entre os 
habitats remanescentes de elefantes e o capítulo 3 apresenta a interação entre 
indicadores ambientais, socioeconômicos e de governança para explicar a abundância de 
elefantes em África, tomando como base nas mais recentes estimativas da IUCN. O 
quarto capítulo discute os principais desafios associados à introdução de elefantes 
africanos como estratégia para a recuperação de funções ecológicas perdidas com a 
extinção da megafauna no Pleistoceno e o quinto capítulo, que faz de conclusão, 
apresenta a síntese dos desafios e oportunidades para a conservação dos elefantes 
africanos. 
 
Palavras-chave: extinção de espécies, conservação da biodiversidade, fragmentação de 
habitats, governança, nicho climático, rewilding, elefantes Africanos, conectividade. 
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Introdução	geral	

Esta tese explora os processos ecológicos e de manejo aplicáveis para a conservação do 

elefante africano na África. Neste contexto, a tese explora a aplicação de técnicas de 

genética para a conservação de elefantes, a modelagem de distribuição e de 

conectividade da paisagem, os determinantes da abundância actual de elefantes e os 

desafios associados à utilização das duas espécies de elefante africano (elefante de 

savana – Loxodonta africana; elefante de floresta – Loxodonta cyclotis). 

 

O primeiro capítulo apresenta uma revisão sistemática do estado da arte da aplicação de 

abordagens genéticas à conservação do elefante africano de savana (Loxodonta 

africana), com o objetivo de compreender as principais linhas de pesquisa, a intensidade 

dos estudos realizados sobre as populações e o grau de colaboração entre os principais 

autores. Os resultados indicam que há um número crescente de estudos que aplicam a 

genética para a conservação de elefantes, principalmente associados às populações nas 

regiões Sul e Leste do continente. Estes estudos estão mais ligados à diferenciação 

genética e estrutura populacional, relações filogenéticas e evolução das espécies e 

utilização de ferramentas de DNA para rastrear a origem geográfica do marfim. 

 

O segundo capítulo discute o efeito das mudanças climáticas na dinâmica da 

adequabilidade para o elefante de savana, bem como identifica os principais nós para 

garantir a conectividade entre as populações. Com base na modelagem agregada, este 

capítulo sugere a possibilidade de que as mudanças climáticas possam ter contribuído 

positivamente para a expansão de áreas climáticas apropriadas para as espécies, que 

podem prevalecer no futuro próximo (em torno de 2080). A análise da conectividade 

populacional indicou que os habitats mais importantes para a conservação das espécies 
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estão distribuídos nas três regiões da África onde a espécie ocorre, com maior 

concentração no Sul e no Leste. A maior probabilidade de conectividade não afetou o 

grau de importância dos habitats, sugerindo que garantir a persistência a longo prazo da 

espécie envolve necessariamente a proteção dos habitats disponíveis, 

independentemente da dimensão espacial. 

 

O terceiro capítulo engloba todas as populações das duas espécies de elefanteexistentes 

na África (Loxodonta africana e Loxodonta cyclotis) e procura identificar os determinantes 

de sua abundância. Para isso, o capítulo é baseado em uma abordagem de processos 

múltiplos envolvendo árvores de regressão, árvores de inferência condicional e modelos 

de equações estruturais, e um conjunto de indicadores agrupados em três grupos 

principais: governança, atributos socioeconômicos e características ambientais. Os 

resultados indicam que a abundância de elefantes é resultado da interação multi-nível de 

indicadores, com ênfase no tamanho do habitat e caça furtiva. Em geral, a governança 

teve um efeito positivo significativo sobre a abundância de elefantes, embora, a nível 

regional, esse efeito tenha sido positivo na África Central, negativo na África Ocidental e 

não significativo no Sul e no Leste. Esses resultados reforçam a idéia da necessidade de 

regionalização das estratégias de conservação das espécies, embora uma estratégia 

global possa contribuir para a uniformidade dos principais eixos de ação a longo prazo. 

 

Considerando que a transferência de elefantes para outras áreas geográficas como a 

Austrália, o Brasil e os Estados Unidos já foi sugerida como forma de garantir a 

conservação e restauração a longo prazo de funções ecológicas perdidas com a extinção 

da megafauna, o quarto capítulo discute as bases dos processos de rewilding e a 

possibilidade de usar elefantes existentes para recuperar funções ecológicas há muito 

perdidas com a extinção de anteriores Proboscidea. Nesse sentido, sugere que, embora 
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haja condições climáticas adequadas para a introdução de elefantes nas áreas pré-

selecionadas, algumas precauções devem ser levadas em consideração, principalmente 

relacionadas à extinção de Proboscidea no Pleistoceno, alterações da composição 

vegetal de plantas C3 para C4, as prováveis interações entre espécies e novos 

ambientes, bem como os desafios de manter populações geneticamente viáveis a longo 

prazo. 

 

Finalmente, o quinto capítulo resume a tese e discute os desafios e as oportunidades para 

a conservação dos elefantes em África, especialmente à luz dos esforços internacionais 

para proibir o comércio de marfim. Em suma, este capítulo argumenta que a 

sobrevivência a longo prazo de elefantes africanos depende não apenas de fatores locais, 

ligados a onde as populações persistem, mas também em fatores globais, como melhorar 

os processos de governança ambiental, reduzir o impacto humano sobre os habitats e 

garantir a conectividade entre populações. Nesse sentido, sugere-se a necessidade de 

separação oficial de elefantes africanos em duas espécies, garantia de conectividade de 

habitat e harmonização de estratégias e planos de manejo de elefantes. 
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PREAMBLE 
	
We have entered the sixth mass extinction (Ceballos et al., 2015; Wake and Vredenburg, 

2008). Current rates of biodiversity loss are so intense that are overwhelming the rate of 

discovery of new species (Hooper et al., 2012; Pimm and Raven, 2000). Even with the 

discovery of new species, most of them are immediately labelled as endangered as the 

impact of human activities is so severe that is impacting previously pristine areas (van 

Rensburg et al., 2004). Technological advance has led humans to enter the wild and 

conquer nature to its benefits, in most cases without precautionary approaches. As a 

result, species ranges are increasingly shrinking and the rate of species extinction is 

increasingly high. 

 

In this context, the need to implement new approaches to curb current trends in species 

and ecosystem loss is urgent. Several approaches have been implemented, ranging from 

species conservation (flag species, key species or indicator species), conservation of 

multiple species, conservation of ecosystems and habitats, and systematic planning for 

conservation (Mace et al., 2007). While all approaches allow for a positive balance 

between losses and biodiversity gains, their true value is often the result of the balance 

between losses and gains in the context of intensification of human activities and needs 

and climate change. 

 

Most species-based approaches are based on biodiversity conservation through the 

implementation of protected areas. But, most protected areas have the mandate to protect 

species within their boundaries and can become ineffective for species with high dispersal 

capabilities (Heller and Zavaleta, 2009) such as elephants that extend their range far 

beyond protected areas. In this situation there is a need of ensuring habitat connectivity 

between protected areas in order to safeguard important habitats for dispersal, at the 



	

14 

same time ensuring that species are safe beyond the limits of official protection. 

 

Here, we aim to understand the global and local challenges associated to the conservation 

and long-term persistence of African elephants and make contributions towards 

understanding (i) the role of climate changes and human activities in shaping elephant 

distribution and the potential connectivity across habitats, (ii) the interaction between 

multiple indicators in explaining the variation in elephant abundance, (iii) the feasibility of 

elephant introductions to recover long-lost ecological functions, and (iv) the contribution of 

genetics to the conservation of savannah elephants. 

 

Our	model	species:	African	elephants	
	
Elephants are the single extant representatives of the Proboscidea, an order that 

originates during the late Paleocene era, irradiated until the end of the of the Pleistocene 

and occupied most continental habitat types, with the exception of Australia and 

Antarctida, where no fossil have ben found (Gheerbrant and Tassy, 2009; Sukumar, 2003; 

Shoshani, 1998). Currently three species exist, one in Asia (Elephas maximus, Linnaeus 

1758) and two in Africa (savannah elephant – Loxodonta africana, Blumenbach 1797; 

forest elephant - Loxodonta cyclotis, Matschie 1900). Controversies still exist over the 

separation of African elephants into two species, despite strong morphological and genetic 

evidences (Roca et al., 2001; Rohland et al., 2010; Murata et al., 2009; but see Debruyne, 

2004), with claims suggesting the existence of a third species, the west African elephant. 

 

Elephants once roamed most of the continental areas of Africa in splendid numbers 

(Kingdon, 2001), but human expansion and associated activities have driven the loss of 

extensive habitats and its current confinement is highly fragmented habitats, mostly in 

small effectives across 37 sub-Saharan countries (de Boer et al., 2013). Accurate 
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estimates of the abundance of African elephants are hard to produce, but recent estimates 

indicate that there might be 415,428 ± 20,111 in surveyed areas and an additional 117,127 

± 135,384 elephants in areas not systematically surveyed (Thouless et al., 2016) of which 

352,271 are savannah elephants (Chase et al., 2016). These figures represent massive 

declines of elephants when compared to 2007 estimates, with continental figures 

estimating 30,000 deaths annually (Wittemyer et al., 2014) and a massive 60% reduction 

in forest elephants (Maisels et al., 2016), mainly as a result of poaching to supply the 

overgrowing demand in Asia, extensive habitat fragmentation, human-elephant 

interactions and isolation of populations (Thouless et al., 2016; Chase et al., 2016; 

Wittemyer et al., 2014, UNEP et al., 2014). 

 

Currently, African elephants are listed as vulnerable (VU) by the International Union for 

Conservation of Nature (IUCN), but populations in central Africa are considered 

endangered (EN) and in southern Africa are considered least concern (LC) (Blanc, 2008). 

All range countries have listed their populations in the Convention on International Trade in 

Endangered Species of Wild Fauna and Flora, with 4 countries listing the species in 

Appendix II (South Africa, Namibia, Zimbabwe and Botswana) and the remaining in 

Appendix I. Luckily, Botswana is taking steps towards listing its elephants in Appendix I. 

 

Regardless of the species, African elephants are considered keystone (Bond, 1994) 

species due to their role in ecosystem engineering and as a flagship (Naidoo et al., 2016; 

Brown, 1993) in attracting visitors. As a result of their massive dispersal capacity and their 

presence in vast environmental conditions, African elephants area responsible for 

extensive seed dispersal in viable conditions into nutrient-rich and protective dung 

(Campos-Arceiz and Blake, 2011). Elephants have also been credited to alter ecosystem 

dynamics by shaping tree structure and abundance and can also have significant impact 
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on other herbivores through feeding cascade (see Guldermond et al., 2017, for a review). 

Following these characteristics, African elephants are pristine models to understand the 

“glocal” challenges associated with the conservation of species as their extinction might 

have profound impacts on biodiversity and human wellbeing. 

 

Structure	of	the	thesis	
	
This thesis addresses the challenges and opportunities to the conservation and long-term 

persistence of African elephants. In doing so, in some chapters is only considers the 

savannah species (Loxodonta africana) while in others it also considers the forest elephant 

(Loxodonta cyclotis). 

 

The first chapter presents a systematic review of the state of the art of the application of 

genetic approaches to African savannah elephant conservation, aiming to understand the 

main lines of research, the intensity of studies carried out on the populations and the 

degree of collaboration between the main authors. Results indicate that there is growing 

number of studies applying genetics for the conservation of elephants, mainly associated 

to populations in the South and East regions of the continent. These studies are more 

linked to genetic differentiation and population structure, phylogenetic relations and 

species’ evolution and utilization of DNA tools to track the geographic origin of ivory. 

 

The second chapter discusses the effect of climate change on the dynamics of suitability 

for the savannah elephant, as well as identifies the main nodes for ensuring connectivity 

between populations. Based on ensemble modelling, this chapter suggests the possibility 

that climate change may have contributed positively to the expansion of climatically 

appropriate areas for the species, which may prevail in the near future (around 2080). 

Population connectivity analysis indicated that the most important habitats for the 
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conservation of the species are distributed throughout the three regions of Africa where 

the species occurs, with the highest concentration in the South and East. The increased 

likelihood of connectivity did not affect the degree of importance of habitats, suggesting 

that ensuring long-term persistence of the species necessarily involves protection of 

available habitats, regardless of spatial dimension. 

 

The third chapter encompasses all the populations of the two extant species in Africa and 

seeks to identify the determinants of elephant abundance. For this, the chapter is based 

on a multiple process approach involving regression trees, conditional inference trees and 

structural equation models, involving a set of indicators grouped into three main groups: 

governance, socioeconomic attributes and environmental characteristics. The results 

indicate that elephant abundance is a result of multi-level interaction of indicators, with 

emphasis on habitat size and poaching. Overall, governance has had a significant positive 

effect on elephant abundance, although at regional level this effect has been positive in 

Central Africa, negative in West Africa and not significant in the South and East. These 

results reinforce the idea of the need for regionalization of the strategies of conservation of 

the species, although a global strategy can contribute to the uniformity of the main axes of 

action in the long term. 

 

Considering that the transfer of elephants to other geographical areas such as Australia, 

Brazil and the United States has already been suggested as a way to ensure their long-

term conservation and restoration of lost ecological functions with the extinction of the 

megafauna, the fourth chapter discusses the bases of rewilding processes and the 

possibility of using extant elephants to recover ecological functions long lost with the 

extinction of previous Proboscidea. In this sense, it suggests that although there may be 

climatically adequate conditions for the introduction of elephants in the pre-selected 
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areas, some precautions should be taken into account, mainly related to the extinction of 

Proboscidea in the Pleistocene, alterations of the vegetal composition of plants C3 to C4, 

the likely interactions between species and new environments, as well as the challenges of 

maintaining populations that are genetically viable in the long term. 

 

Finally, the fifth chapter summarizes the thesis and discusses the challenges and 

opportunities for the conservation of elephants in Africa, especially in light of international 

efforts to ban ivory trading. In short, this chapter argues that the long-term survival of 

African elephants depends not only on local factors, linked to where populations persist, 

but also on global factors such as improving environmental governance processes, 

reducing the human impact on habitats and ensuring connectivity between populations. In 

this sense, it is suggested the need for official separation of African elephants into two 

species, the guarantee of habitat connectivity and the harmonization of elephant 

management strategies and plans. 
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CHAPTER	 I.	Systematic	 review	 on	 the	 conservation	 genetics	 of	 African	
savannah	elephants1	
 

Daniel Augusta Zacarias1, 2, Luis Mauricio Bini3 & Rafael Loyola3 

Abstract	
 
Background. In this paper we review the conservation genetics of African savannah elephants, aiming 
to understand the spatio-temporal research trends and their underlying factors. As such, we explore 
three questions associated to the conservation genetics and molecular ecology of these elephants: (1) 
what are the research trends concerning the conservation genetics of Loxodonta africana? (2) Do richer 
countries conduct more research on the genetics of African elephants? (3) Which attributes influence 
where scholars conduct their research? 
 
Materials and Methods. We examined available peer-reviewed publications from 1993 to 2014 in 
complementary online databases, including the ISI/Web of Science, Scopus and Google Scholar, and 
searched for publications in scientific journals as well as in the reference section of these publications. 
We analyzed the annual trend of publications in this field of research, including the number of authors, 
levels of collaboration among authors, year of publication, publishing journal and the countries from 
where genetic samples were collected. Additionally, we identified main research clusters, authors, and 
institutional collaborations, based on co-citation and co-occurrence networks. 
 
Results. We found that during the study period there was a positive trend in the number of publications 
and a reduction in the number of authors per paper. Twenty-five countries contributed, with the majority 
of publications authored by researchers in the USA, Kenya and South Africa. The majority of samples 
were collected in Kenya, Tanzania and South Africa. Research outputs are associated with the 
existence of long-term conservation/ research projects and research potential as measured by the 
literacy rate and the number of higher education institutions in a country. Five research clusters were 
identified, focusing on the origin and evolution of the species, methodological issues and the 
relatedness among elephant species. 
 
Conclusions. Research in this field should be expanded to additional countries harboring elephant 
populations to enable a more comprehensive understanding of the population structure and genetic 
differentiation of the species, and to cope with challenges associated with the conservation of the 
species such as illegal hunting, habitat fragmentation, species reintroduction and climate change.  
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Introduction	
	
Elephants have long present in the African savannah, influencing ecological processes 

and facilitating herbivory (Guldemond & Van Aarde 2008; Graham et al. 2009, Campos-

Arceiz & Blake 2011). However, in recent times this species has been extirpated from 

large portions of its habitat, mainly as a result of habitat fragmentation and isolation, 

poaching for ivory, human-elephant conflicts and a small amount of hunting for meat 

consumption (Douglas-Hamilton 1987; Blanc et al. 2005; Ntumi 2009; Dunham 2012; 

Wittemyer et al. 2013; Booth & Dunham 2014). Extensive research has been undertaken 

to understand this species from a range of perspectives and to support better 

management strategies; among these, the genetic perspective has been gaining interest 

(Roca & O’Brien, 2005; Archie & Chiyo, 2012; Roca et al. 2015). 

 

Due to the increasing need to improve elephant management strategies from a genetic 

perspective it is essential to identify trends and gaps in the literature to direct research 

efforts and support policy making (Roca et al. 2015). As such, illuminating the pathways of 

research by illustrating research trends, level of collaboration between authors and 

institutions and the most focused sub-topics are crucial tasks. This may improve our 

understanding of what has been and is currently being done and the major research gaps 

(Roy & Goswami 2013; Shahram et al. 2013; Borrett et al. 2014). 

 

To achieve this task, in this paper we conducted a systematic review of existing literature 

on the application of genetics to the conservation of African savannah elephants, to 

understand the temporal and spatial patterns of research, the degree of authors’ and 

institutions’ collaboration and the geographical distribution of sampling efforts. In particular, 

we answer three questions: (1) What are the current trends in research on the 

conservation genetics of Loxodonta africana, considering the number and year of 
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publication, number of authors, main research line, origin of samples and country of 

publication? (2) What is the spatial distribution of research (samples and outputs) 

associated with the conservation genetics of African savannah elephants? Do richer 

countries conduct more research on the conservation genetics of African elephants? (3) 

Which attributes influence where scholars conduct their research? Answers to these 

questions are important to direct research efforts that are relevant to the conservation of 

African savannah elephants. For instance, understanding which elephant populations are 

more studied can direct efforts to less-studied populations and result in an improved 

understanding of the genetic variability across the entire range. 

 

Material	and	Methods	
	
Literature search, criteria for inclusion and characterization 

To develop this study we systematically reviewed available publications related to the 

conservation genetics and molecular ecology of African savannah elephants. Publications 

were primarily searched using the ISI Web of Science (WoS) platform 

(http://webofknowledge.com), Google Scholar (GS; http://scholar.google.com) and Scopus 

(http://scopus.com) using the search terms “Elephants” NOT “Loxodonta cyclotis” NOT 

“Elephas maximus” AND “Genetics” AND “Molecular Ecology”, for the period 1945-2014. 

 

To increase the coverage of the available literature, we also surveyed specialized journals 

(Table S1) and applied a snowball technique in which the bibliographic section of available 

publications was used as a source for the identification of new papers (Almeida-Filho et 

al., 2003). For each publication, we retrieved information including the author name(s), 

institution and country, publication title, year of publication, journal title, the type of 

publication (papers, theses, reviews, book chapters), sample types used (tissue, faeces, 

ivory) and the country where the sample was collected. Based on the title, abstract and 
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methodology, each publication was assigned to one of the research lines listed in Table 1. 

 

Table 1: Description of the research lines adopted in this study. 

 Type Description 

1 Research line 1 (RL1) Management and reintroduction of captive 

populations and restoration of biological communities 

2 Research line 2 (RL2) Description and identification of individuals, genetic 

population structure, kin relationships and taxonomic 

relationships 

3 Research line 3 (RL3) Detection and prediction of the effects of habitat loss, 

fragmentation and isolation on populations 

4 Research line 4 (RL4) Detection and prediction of the effects of hybridization 

and introgression 

5 Research line 5 (RL5) Understanding the relationships between adaptation 

or fitness and genetic characters of individuals or 

populations 

6 Research line 6 (RL6) DNA forensics 

Source: Adapted from Allendorf et al. (2013) 

 

Analysis of publication metrics 

To assess the trends in the research associated with the conservation genetics and 

molecular ecology of African savannah elephants, we measured three indicators: the 

growth rate of publications (Rp), the doubling time of publications (Dt) and the degree of 

collaboration (DC). These indicators have been suggested as a framework to understand 

how a specific field of research grows temporally and the extent to which authors 

participate in group research (Larsen & von Ins 2010; Pautasso 2012; Bornmann & Mutz 



	

25 

2015). Details of calculations are presented in supplementary materials (Supplementary 

Information S1). 

 

Apart from these metrics, we attempted to identify major research clusters (e.g., text 

corpus or author and institutional collaboration). This task was performed using 

VOSviewer (van Eck & Waltman 2010), a software designed to visualize research 

landscapes and ascertain degrees of collaboration between authors and organizations 

(Heersmink et al. 2011; Waltman & Van Eck 2013; Raan 2014; van Eck & Waltman 2010). 

Although very recently developed, this software has been extensively used due to its 

ability to map networks of publications, authors or journals by means of co-citation and co-

occurrence networks (Waltman et al. 2010; Eck & Waltman 2014; Rodrigues et al. 2014; 

see also Borrett et al. 2014). 

 

Geographic distribution of samples and research outputs 

To illustrate the spatial distribution of samples and research outputs, we created a 

database specifying the country where samples were collected, the respective number of 

publications based on these samples and the geographical origin of all authors of each 

publication. Further, we mapped the distribution of samples using ArcGIS 10.3 (see also 

Xu & Boeing 2013, Fu et al. 2013, Bundschuh et al. 2013). To avoid overestimating the 

number of participating institutions and authors’ countries of origin, we used the following 

approach: if an author institution was repeated in a single publication, it was considered as 

a single appearance; if a single author belonged, to two or more institutions at the time of 

publication, all were considered as participating and added to the database (Pan et al. 

2012). 

 

We used stepwise multiple linear regression to identify the factors that influence research 
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outputs, measured by the total number of papers associated with each country. For this, 

we used the number of higher education institutions in the country, the country literacy 

rate, Gross Domestic Product per capita at the purchasing power parity (GDP-PPP), the 

percentage of GDP directed to research and development expenditures, the 

environmental performance index, the number of elephants and associated range in the 

country and presence or absence of long-term conservation and/or research projects in 

each country. Details on the variables are presented in Table S3. All calculations were 

done using the Statistical Package for the Social Sciences (SPSS) v.22. 

 

Results	
	
Ninety-four publications were found in this study (Figure 1). Although the intention was to 

retrieve publications from 1945 to 2014, we were only able to collect papers published 

from 1993 onward (Table S1). 
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Figure 1: Flow diagram used for data collection (adapted from Moher et al., 2009). 

 

Most publications were peer-reviewed journal articles (n = 85; 90.4%); we also reviewed 

theses (n = 6; 6.4%), reports (n = 2; 2.1%) and one book. Of these, journal articles were 

subdivided into 71 research articles, 10 research notes and 4 reviews. Theses were 

subdivided into master (n = 3) and doctoral (n = 3) and one publication was documented 

as a chapter in an edited book. These documents were published in 55 journals, books, or 

as theses, with Molecular Ecology (n = 10, 10.64%), Heredity (n = 6, 6.38%) and 
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conservation genetics 
of L. Africana (n = 16) 

Studies included in 
qualitative studies 
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Conservation Biology (n = 5, 5.32%) being the most targeted journals (Table 2). 

 

Table 2: Main journals and respective number of publications on conservation genetic of 

elephants from 1993 to 2014. Only journals with a minimum of 2 papers are presented 

(n=18 out of 55). 

 Repository Frequency 
(n out of 94) Ratio (%) 

1 Molecular Ecology 10 10.64 
2 Heredity 6 6.38 
3 Conservation Biology 5 5.32 
4 PLoS ONE 4 4.26 
5 Animal Behaviour 3 3.19 
6 Animal Conservation 3 3.19 
7 Conservation Genetics Resources 3 3.19 
8 Molecular Ecology Notes 3 3.19 
9 African Journal of Ecology 2 2.13 
10 BMC Evolutionary Biology 2 2.13 
11 Conservation Genetics 2 2.13 
12 Journal of Zoology 2 2.13 
13 Molecular Ecology Resources 2 2.13 
14 PNAS 2 2.13 
15 Proceedings of the Royal Society of Biology 2 2.13 
17 Science 2 2.13 
16 University of Pretoria 2 2.13 
18 The Royal Society Academy of Sciences 2 2.13 

 

Documents were published yearly from 1993-2014, with the exceptions of 1995 and 1997 

for which no publication were registered (Figure 2a), written by a total of 246 individual 

authors. The year 2010 was the most productive, with 10 publications written by 65 

authors. Over the years, the number of published papers increased (mean = 4.7, SD = 

2.64), as well as the number of authors/year (mean = 22.3, SD = 17.26). However, the 

number of authors/ paper (i.e. collaboration) did not increase (r = 0.277, p > 0.05, Figure 

2b), as indicated by the large number of papers authored by less that five authors (mean = 

4.74, SD = 2.76). 

Publications were based on the three primary types of samples. Some publications were 
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based on a single type of sample (faeces, tissue or ivory) and others considered a 

combination of samples (tissue and blood, tissue and faeces). For example, 31.9% of the 

publications (n = 30) were written based on faecal samples, 18.1% (n = 17) were based on 

tissue samples and 10.6% (n = 10) combined faecal and tissue samples. Nine documents 

(9.57%) were based on ivory samples. 

 

Most research focused on the description and identification of individuals, genetic 

structure, kinship and taxonomic relations (n = 33, 35.87%); and on understanding the 

relationship between adaptation, fitness and the genetic traits of individuals and 

populations (n = 25, 27.17%). The period from 2008-2012 had the largest number of 

publications in any five-year period (n = 36), most of them focusing on the description and 

identification of individuals, the genetic population structure, kin relationships and 

taxonomic relations (RL2, n = 19); and the detection and prediction of the effects of habitat 

loss, fragmentation and isolation on populations (RL3, n = 9). 

 

Most of the research on the genetics of savannah elephants was conducted by 

researchers based at institutions in the North American continent (n = 162, 46.55%) 

followed by researchers based in Africa (n = 99, 28.45%) and researchers in Europe (n = 

59, 16.95%). Despite having the larger number of researchers, the North American 

continent only had 3 participating countries (USA with 150 author credits, Canada with 11 

and Puerto Rico with 1). Africa held the largest number of participating countries (n = 10) 

and was the second most represented continent with extensive participation from Kenya 

and South Africa (35 and 23 author credits, respectively). A great majority of samples were 

collected in range countries in Africa, with very few collected from captive elephants 

outside Africa, whose origin were known or could be assigned to a range country in Africa. 

Most samples were collected in Kenya (34 publications), Tanzania (28 publications) and 
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South Africa (27 publications) (Figure 3). 

 

 

Figure 2: Dynamics of research productivity. (A) Temporal distribution of publications and 

authors associated to the conservation genetics of Loxodonta africana. The red line 

represents the number of authors/year and the blue line, the number of publications. (B) 

Time series analysis of the number of publications per paper during the study period. 
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Figure 3: Geographic distribution of (A) authors and (B) samples collected (in 
publications). 
 

We used multiple regression to determine the factors that could predict research outputs 

per country and the choice of a country for sampling. The number of papers per country 
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was influenced by the presence of long-term projects (b = 0.74, t(18) = 4.54, p < 0.001), 

the literacy rate of the country (b = 0.478, t(18) = 3.54, p < 0.01) and the number of higher 

education institutions (b = 0.325, t(18) = 3.23, p < 0.01). The combination of these factors 

explained the variance in the number of papers per country by 85% (F(3,15) = 28.430, p < 

0.001, R2 = 0.85, R2
adjusted = 0.821). 

 

The publication of research on the molecular ecology of African elephants had an average 

(5-year period) growth rate of 0.79, an average doubling time of 1.82 and a collaborative 

coefficient of 0.676 (Supplementary materials S1). The growth rate was higher in the 

period 1998-2002 (Rp = 1.75) and lower in 2013-2014 (Rp = 0.15), and the doubling time 

was higher in the period 2013-2014 (Dt = 4.66) and lower during 1998-2002 (Dt = 0.40). 

As previously indicated, there were a total of 246 individual authors published during the 

timeframe, most of them with single author credits (n = 181, 73.58%). Twenty-five authors 

were responsible for 39.37% (n = 176) of all authorships. A network analysis of the degree 

of collaboration based on bibliographic coupling of authors revealed five major research 

clusters (Figure 4) – namely, phylogenetic relationships and species evolution (Cluster I), 

relatedness of species and group structure (Cluster II), gene flow and genetic 

differentiation (Cluster III), use of DNA tools to track the geographic origin of ivory (Cluster 

IV); and individual and population relatedness from a genetic perspective (Cluster V). 
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Figure 4: Network analysis of research clusters based on text corpus. Cluster I: 

phylogenetic relations and species’ evolution. Cluster II: species relatedness and group 

structure. Cluster III: gene flow and genetic differentiation. Cluster IV: utilization of DNA 

tools to track the geographic origin of ivory. Cluster V: species relatedness from a genetic 

perspective. 

 

Based on the degree of collaboration between institutions, the network showed that the 

Smithsonian Institute, the University of Washington (USA) and the Copenhagen Institute 

(Denmark) dominate the research on the conservation genetics of African savannah 

elephant, while the Makerere University is the main institution in Africa. These institutions 

are involved in a research network that spans the five research clusters, headed by the 

University of Washington (Cluster 1), the Smithsonian Institute (Cluster 2), Duke University 

and the Amboseli Trust for Elephants (Cluster 3), the University of Copenhagen (Cluster 4) 

and the National Museum of Natural History of the United States (Cluster 5) (Figure 5). 
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Figure 5: Collaborative network between research institutions. Larger nodes indicate the 

leading institution in each cluster.  

 

Discussion	

	
Several important issues associated with the conservation genetics and molecular ecology 

research about African savannah elephants can be identified from this study. First, there 

was a positive trend in the number of publications per year and a reduction in the number 

of authors per paper during the study period. Second, Kenya, Tanzania and South Africa 

dominate the list of countries from which samples were collected, while the USA, Kenya 
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and South Africa head the list of countries from which the most studies were published. 

Finally, we showed that research outputs are influenced by the presence of long-term 

research projects in a country and by the research potential, proxied by the literacy rate 

and the number of tertiary institutions per country. 

 

Despite the fact that research on the conservation genetics of African elephants attracts 

researchers from different countries and represents a growing trend, when compared to 

studies of other species its growth rate remains weak - especially considering that 

elephants are iconic species threatened by high levels of poaching and habitat 

fragmentation. However, the increasing interest in studies on the conservation genetics of 

African elephants illustrated in this paper is not an isolated phenomenon. Interest in other 

species and groups of organisms has also grown, especially following the publication of 

the first conservation genetics’ papers in the 1970s (see Allendorf 2003). 

 

For example, since then, there has been observed growing trends in 16 sub-specialties of 

genetics, including conservation genetics (Sangam et al. 2014); plant genetics and 

breeding in several countries, including Brazil, China, India, UK and USA (Kumar et al. 

2011); plants of the Brazilian tropical savannah known as the Cerrado (Souza et al. 2013, 

Diniz-Filho et al. 2012, Schlottfeldt et al. 2015a, b); and amphibians (Emel & Storfer 2012). 

Such increased interest is associated with advances in molecular biology techniques 

(Souza et al. 2013). However, considering the ecological role of African savannah 

elephants and their threatened status, the number of papers published in this field is still 

very low and more research is needed. Compared with other iconic species, the 

conservation genetics of African elephants was the focus of a lower number of studies 

(n=94) than similar studies on bears (n = 458), deer (198 studies), whales (n = 138 

studies), sharks (n = 108) and turtles (n = 254). 
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The need to understand the potential effects of human-induced activities such as habitat 

fragmentation and poaching for ivory may be fueling interest in researching their 

conservation from a genetic perspective. This assumption is supported by the temporal 

trend in the number of publications by research line. Results indicate that the most studied 

research lines are those associated with the relationship between adaptation, fitness and 

individual characteristics (see Fig. 2), illustrating the growing concern over the future 

adaptability of the species. On the other hand, no study has yet attempted to associate the 

genetic variability of the African elephant population with climate change. 

 

As in other research fields (Brito 2008, Carneiro et al. 2008, Lolis et al. 2009, Sarragiotto & 

Benedito 2013, Morais & Cianciaruso 2014), researchers from the USA or associated with 

USA-based organizations dominate the conservation genetics of African elephants. 

Although this is positive, it would be more interesting and cost-efficient if more African 

researchers could be involved in this field, thus enabling long-term African research and 

capacity building. From 1993 to 2014, 348 institutions were involved in conservation 

research on African elephants, nearly half of which (n=150) were based on the USA. Of 

these, the University of Washington dominates with 24 associated researchers, followed 

by the University of Illinois. With respect to range countries, the Makerere University in 

Uganda is the leader with 15 researchers. 

 

Although non-range countries do the most research, there is a high degree of cooperation 

among researchers and institutions. Researchers associated with the University of 

Washington (US) worked more closely with their counterparts at the Fred Hutchinson 

Cancer Research Center (US) and the Sokoine University (Tanzania), while researchers 

from University of Copenhagen (Denmark) tended to be associated with researchers from 

the Makerere University and the Kenya Wildlife Service. Interestingly, researchers from 
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Kenya, Uganda and Tanzania appeared to have strong collaboration levels, appearing in 

co-authorship with researchers that dominate the field, but rarely collaborating among 

themselves. This contradicts the general idea that regions close to each other are more 

inclined to collaborate (Hoekman et al. 2008) and supports the idea that social proximity is 

essential to achieving close collaboration (Ponds et al. 2007; Hoekman et al. 2008; 

Hoekman et al. 2010; Ben Letaifa & Rabeau 2013; Marrocu et al. 2013). 

 

Neither the number of elephants nor the range size appeared to directly influence 

researchers’ decision to collect samples in a country, but the presence of long-term 

conservation/ research projects and the research potential may be important factors. This 

can be evidenced by the fact that Kenya, Tanzania and South Africa are the most sampled 

countries, as they have well-established conservation projects such as the Amboseli 

Elephant Research Project (operating in Kenya since 1976 in a collaborative network), the 

David Sheldrick Wildlife Trust (also in Kenya since 1977), the Tarangire Elephant Project 

(established in 1993 in Tanzania) and the long-running wildlife conservation programs 

developed by South African National Park authorities through the Kruger National Park, 

the Knysha Elephant Park and the Addo Elephant National Park. Although not directly 

associated with the choice of sampling, the number of elephants and the range size 

explained 30.6% of the presence of long-term research projects, with the number of 

elephants being the predictor of the presence of long-term research projects. Considering 

these results, it can be assumed that the number of elephants in a country potentially 

attracts the implementation of research projects, which in turn increase the number of 

samples that are collected. 

 

Results of this study also indicate that most range areas have been studied, although 

there are still countries with large elephant populations, but few samples. For example, it 
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appears that East African populations are the most researched in country-wide and inter-

country studies, while the remaining regional populations have only scattered studies that 

may not provide reliable information for regional management. For example, while the 

molecular biology of populations in Uganda, Kenya and Tanzania are well documented 

from single-country populations and between countries, these studies are scarce in other 

regions, which can challenge conservation efforts.  

 

Conclusion	
	
In this paper we answered three main questions associated with the molecular ecology 

and conservation genetics of African savannah elephants. Our results show that the 

conservation genetics of African savannah elephants is attracting an increasing number of 

researchers, with particular focus on the description and identification of individuals, 

genetic population structures, kin relationships and taxonomic relationships. Among the 

common research lines, the application of DNA to track the geographic distribution of ivory 

is gaining importance. 

 

Researchers based in the US, Denmark, Canada and Kenya conducted most of the 

research, using samples primarily collected in Kenya, South Africa and Tanzania. This 

trend indicates that genetic research on African elephants does not cover all known range 

countries and that significant populations are still genetically unknown. This might have 

implications for processes of restoring populations, based on the assumption that 

translocation programs with genetically different populations may not be successful. Efforts 

are needed to address this issue and incorporate other range countries into these studies. 
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CHAPTER	 II.	 Distribution	 modelling	 and	 multi-scale	 landscape	
connectivity	highlight	important	areas	for	the	conservation	of	savannah	
elephants2	
 

Daniel Augusta Zacarias 1,2,3* & Rafael Loyola 3,4 

	
Abstract	
 
Habitat connectivity is the milestone towards species’ long-term persistence, especially 
considering impacts of climate change and human activities. Here, we examined the 
potential implications of climate change and human pressure on the connectivity between 
habitat patches, aiming to identify priority areas and potential corridors for elephant 
conservation. We used an ensemble modelling approach to evaluate the potential climatic 
distribution of savannah elephants (Loxodonta africana) through time, considering different 
climatic scenarios, and used the current potential suitability and human pressure to 
evaluate habitat quality for the species. We used habitat quality and the centroids of 
elephant patches to evaluate habitat connectivity considering four progressive dispersal 
distances (ca. 100km, 200km, 300km, 400km). Species response to climate change has 
been conservative through time with overall slight improvement in climatic suitability in 
southern and eastern Africa and reduction in western Africa and northern portions of 
central Africa. Habitat quality followed the distribution of currently suitable areas for the 
species. We found three major areas with high density of least-cost paths in southern, 
eastern and western Africa, targeting them as potential areas for increasing the 
connectivity of elephant populations. 
 
Keywords: Loxodonta africana; climate change; ecological niche models; niche overlap; 
range dynamics; threatened species.  
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Introduction	
	
Global climate change is changing biodiversity patterns (Pfenninger et al. 2012; Yannic et 

al. 2013; Wan et al. 2014) and current reports show that its effect on biodiversity will likely 

increase in the near future (Hoglund 2009; Oliveira et al. 2012). This large inferred 

increase in effects, has motivated multiple efforts to better understand these implications 

on different taxa and species (Dudaniec et al. 2012; Espíndola et al. 2012; Bodare et al. 

2013) and safeguard their survival and long-term persistence (Loarie et al. 2009; Bellard et 

al. 2012). However, the effect of climate change on biodiversity patterns is still an open 

field given the uncertainties and associated multiplicities (Bellard et al. 2012; Loyola et al. 

2012; Staudt et al. 2013; Garcia et al. 2014; Hoberg and Brooks 2015). 

 

Among several approaches applied to understand the implications of climate change on 

species, species distribution modelling (SDM) has been identified as a useful tool to 

understand how species will respond to changing climate (Pacifici et al. 2015). These 

models put emphasis on the combination of data on species observations and 

environmental variables to model past occurrences and identify areas with appropriate 

climate conditions for the species (Yates et al. 2010; Summers et al. 2012; Tuanmu et al. 

2012; Lemes and Loyola 2015; Brown and Yoder 2015), especially important for species 

with large and discontinuous ranges, such as African elephants. But, climate change is not 

the single threat to biodiversity and other approaches are needed to revert current rates of 

biodiversity extinctions (Novacek and Cleland 2001; Avise et al. 2008; Seddon et al. 2014; 

Johnson et al. 2017). 

 

Thereafter, apart from modelling the potential distribution of species under climate 

scenarios, other approaches are being implemented, integrating not only climate change 

but also the impact of other threats to biodiversity such as land use and habitat 
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fragmentation and isolation (Faleiro et al. 2013; Baral et al. 2014; Mazziotta et al. 2015; 

Zwiener et al. 2017). In this perspective, the urgency of identifying suitable habitats that 

can, at the same time, accommodate the impacts of changing climates and the impacts of 

other anthropogenic impacts, have probed the rise of landscape connectivity studies that 

based on species requirements and landscape quality, identify sites that if protected can 

ensure easy species dispersal (Baguette et al. 2013; Tambosi et al. 2014; Rubio et al. 

2015; Keeley et al. 2017). Most of these approaches have been developed to assess 

landscape connectivity grounded on graph theory (Balkenhol et al. 2015; Almasieh et al. 

2016), focusing on least-cost models (Adriaensen et al. 2003), circuit theory (McRae et al. 

2008) and centrality analyses (Estrada and Bodin 2008) and have been applied to a wide 

range of ecosystems and species. 

 

Savannah elephants currently have their habitat distributed across 18 countries (Chase et 

al. 2016). Recent estimates from the Great Elephant Census (GEC) revealed staggering 

population declines with some populations in Tanzania, Mozambique, Angola and 

Cameroon and Zimbabwe having a declining rate of > 5%/year, mostly associated to 

poaching hotspots (Wasser et al. 2015; Chase et al. 2016). Previous studies have 

indicated that despite the fact that African elephants are a widespread species living 

across diverse habitats with numerous food sources, they are vulnerable to climate 

change as a result of their sensitivity to high temperatures, susceptibility to diseases, 

(current) limited dispersal ability, long generation time and low genetic variation (Advani 

2014; Martínez-Freiría et al. 2016). Although some degree of range reduction is expected 

as a result of climatic changes (Martínez-Freiría et al. 2016), no extensive study has been 

done to simultaneously understand how historical climate changes shaped L. africana 

distribution, the evolution of elephants’ climatic niche and potential areas to be 

safeguarded to enable habitat connectivity across the entire range of the species. 
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Considering the above mentioned threats, the identification of priority areas for landscape 

connectivity incorporating climate change and habitat quality for savannah elephants can 

be an alternative to rescue currently existing habitats, ensure their connectivity and 

safeguarding remaining populations (Balkenhol et al. 2015; Guan et al. 2016). Here, based 

on occurrence records of the African savannah elephant, high-resolution climate data and 

point localities of sites with known elephant presences, we modelled the distribution of the 

species aiming to inform past, present and future responses of the distribution of L. 

africana and the geographic shifts in suitable areas for the species, evaluated whether the 

environmental space of savannah elephants had evolved following different climatic times 

by measuring pairwise niche overlap, estimated priority areas for the establishment of 

habitat connectivity corridors and assessed the degree of overlap between potential 

corridors and the current network of protected areas. Specifically, we answer the following 

question: considering the combined impacts of climate change and human pressure, which 

are the most important areas for increasing connectivity among savannah elephant 

populations? 

 

Material	and	methods	
	
Conceptual framework 

In this study, we combine two broad approaches that have been largely applied in 

biodiversity conservation, especially when attempting to mitigate the combined effects of 

climate change and human disturbance. At the first stage, we applied species distribution 

modelling to understand potential implications of climate change on savannah elephant 

range shifts based on a combination of publicly available species occurrence records and 

environmental variables and at the second stage we combined current climatic suitability 

and the human footprint index to develop an index of habitat quality. The human footprint 

index was then applied to calculate the probability of landscape connectivity between sites 
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with confirmed savannah elephants, in order to prioritize areas for conservation (Fig. 1). 

 

 

Fig.1. Summary of the methodological approach applied in this study 

 

Species occurrence records and environmental variables 

We obtained occurrence for the species from publicly available databases (Global 

Biodiversity Information Facility [GBIF], www.gbif.org) and online reports (AGRECO 2008). 

We also incorporated a set of occurrence records previously published elsewhere 

(Martínez-Freiría et al. 2016). Our final dataset comprised 2774 independent occurrence 

records (Table S1), of which 24 were fossil data retrieved from the PaleoBiology database 

(https://paleobiodb.org). We obtained 19 climate variables from the World Climate 

Database (WorldClim, http://www.worldclim.org, Hijmans et al., 2005) at a spatial 
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resolution of 10 arc-min (ca. 18 km at the equator) representing Last Glacial Maximum 

(LGM), Mid-Holocene (MidH), Current and Future climate scenarios. For the Last 

Interglacial (~120-140ka, LIG) we downloaded data at a resolution of 30 seconds and then 

interpolated to the resolution of other time slices using the SDMToolbox v1.0 (Brown 2014) 

in ArcGIS 10.5. For future scenarios, we downloaded data of four representative 

concentration pathways (RCP 2.6, 4.5, 6.0 and 8.5) for 2050 and 2070 (van Vuuren et al. 

2011), derived from two Ocean-Atmosphere Global Circulation Models (AOGCMs): 

CCSM4 and MIROC-ESM. 

 

 

Past, present and future species distribution modelling 

We modelled the potential distribution of savannah elephants using ten modelling 

algorithms (Generalized Linear Models – GLM; Boosted Regression Trees – GBM; 

Generalized Additive Model – GAM; Classification Tree Analysis – CTA; Artificial Neural 

Network – ANN; Surface Range Envelop or BIOCLIM – SRE; Flexible Discriminant 

Analysis – FDA; Multiple Adaptive Regression Splines – MARS; Random Forests – RF) 

available in the biomod2 package  (Thuiller et al., 2016) in R (R Core Development Team, 

2016) and the stand-alone maximum entropy algorithm (MaxEnt v3.4.1; Phillips et al., 

2006). Models were created by subsampling occurrence data into 75% for training and 

25% for testing (Phillips et al. 2006; Sobek-Swant et al. 2012). Considering that species 

distribution models are not explicitly spatial and that climate variables might be influenced 

by similar patterns, thus being non-independent (Franklin 2010), prior to modelling we 

performed variable selection by applying principal components analysis (PCA) to reduce 

redundancy and auto correlation. These analyses were performed using the PCA toolbox 

in ArcGIS and the resulting three components (Fig. S1), explaining 99.234% of the total 

variance, were used for modelling the distribution of savannah elephants. 
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Following other experiences, we considered the African continent as the study area, 

excluding all island countries/ territories (Barnes 1999; Martínez-Freiría et al. 2016). We 

modelled the potential current distribution of the species and then projected the model into 

each of the climatic scenarios either in the past and in the future and for each climate 

scenarios, we obtained consensus maps following an ensemble approach in which all 

maps were averaged based on the average AUC value (Coetzee et al. 2009; Meller et al. 

2014; Alabia et al. 2016; Lima-Ribeiro et al. 2017). We evaluated models’ predictive ability 

by their respective area under the curve of the receiver operating characteristics (AUC) 

and the “true skills statistics” (TSS).  

 

Spatial analysis of range dynamics through time 

To understand the spatial dynamics of the environmental niches through time we used a 

two-fold approach. The first approach was based on the outputs generated by the 

modelling algorithms. Based on the continuous maps we quantified the pairwise pixel-

based change in climatic suitability, thus identifying areas which increased or reduced 

suitability. Then, we applied the specificity-sensitivity threshold and converted all 

continuous maps into binary distributions that were used to calculate range size and range 

gains and losses, the same approach applied elsewhere (Saupe et al. 2015; Lima-Ribeiro 

et al. 2017). Analyses were done in R (R Core Development Team, 2016) and ArcGIS 

10.5 (ESRI, USA). 

 

The second approach was based on the physiology of savannah elephants. One of the 

features characterizing African elephants is their ability to cope with a wide range of 

habitats and environmental conditions, as exemplified by the presence of elephants in 

desert and semi-arid places (e.g. desert elephants of Namibia and northern Mali) in high 
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altitude areas (e.g. mount Kilimanjaro) and extensive plains. In addition, representations of 

historical range of African elephants describe elephants as occupying most of the African 

continent. Considering this, we wanted to test whether elephants exhibit greater 

adaptability or whether the currently occupied range has similar climatic conditions as in 

the past, mostly because distributional shifts may create spatial variations in similarities 

between two time slices. For this, we used the continuous distribution as generated by the 

modelling procedure to evaluate pairwise niche similarities or differences in the 

environmental space through time, based on the Schoener’s D (D) and I statistic (I), both 

ranging from 0 (niches completely different) to 1 (niches overlapping) (Broennimann et al. 

2012). We conducted these analyses using the nicheOverlap function of the dismo 

package (Hijmans et al., 2017) in R (R Core Development Team, 2016). 

 

Delineating priority landscapes for conservation 

A great priority in ensuring species persistence is the identification of suitable pathways 

that can connect populations across the landscape (Bin Xun et al. 2014, 2017; Carvalho et 

al. 2016). Considering that the current rate of habitat loss might impair species connectivity 

and persistence, we delineated priority conservation landscapes for savannah elephants 

using Conefor Sensinode 2.2 (CS22; www.conefor.org; Saura and Torné 2009) and 

ArcGIS 10.5. This analysis requires a landscape resistance layer and unique sampling 

localities to create least-cost corridors and least-cost paths between habitats (Brown 2014; 

Fan et al. 2017). We combined rasters of current suitability map with the inverted human 

footprint index (HFP) (Sanderson et al. 2002) to generate a continent-wide index of habitat 

quality and used this as a landscape resistance layer to input in ArcGIS in association with 

the habitats with confirmed elephant numbers, as provided by the 2016 African Elephant 

Status Report (AESR; Thouless et al. 2016). 
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Following approaches applied elsewhere (Bin Xun et al. 2014, 2017; Carvalho et al. 2016), 

we generated population connectivity maps by summing pairwise least-cost paths (LCPs) 

between habitat centroids to create cost distance using the Conefor Inputs toolbox 

(http://www.jennessent.com/arcgis/conefor_inputs.htm) in ArcGIS 10.5. Then, we 

measured habitat availability based on the probability of connectivity (hereafter PC) 

between nodes and habitats, calculated for four progressive dispersal scenarios of ca. 

110km, 200km, 300km and 400km, with the probability threshold set at 0.5. PC is the 

probability that two animals randomly placed in a landscape fall into interconnected 

habitats, given a number of habitat patches and the connections among them (Saura and 

Pascual-Hortal 2007) taking into account habitat loss and functional connectivity (Saura et 

al. 2011). PC is calculated as 

 

                                          PC =  !!!
!

!
!!! .!!.!!"∗

!!!
                                                       (Eq.1) 

 

where, ai and aj represent the patches between sites i an j, !!! is the total landscape area 

and !!"∗  is the product of all pij values for all connections in habitat patches. PC ranges from 

0 to 1 with values near 1 showing improved high connectivity (Saura and Pascual-Hortal 

2007).  

 

Further details on the calculations of this index are extensively described elsewhere 

(Saura and Pascual-Hortal 2007; Saura and Torné 2009; Saura et al. 2011; B.S. 

Shanthala Devi et al. 2013; Bin Xun et al. 2014, 2017; Shiliang Liu et al. 2014). We chose 

PC among several other indexes because it is not affected by the presence of adjacent 

habitat patches or cells (Saura and Pascual-Hortal 2007; Pereira et al. 2017). Based on 

this index, CS22 enables the calculation of the local node importance index (dPC) that 
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ranks habitat patches as an order of importance for connectivity in the landscape by 

means of quantifying the effect of the removal of nodes (or group of nodes) on the overall 

connectivity of the network (Saura and Rubio 2010; Pereira et al. 2017). The number of 

elephants in each area and its habitat quality were used to normalize dPC values for each 

habitat patch. Considering the urgent need of securing currently connecting available 

habitats, we only modelled landscape connectivity (PC and dPC) for the current climatic 

scenario. 

 

Additional statistical analysis 

We used the above information on current habitat quality (climatic suitability + Human 

footprint index) to test whether protected areas (hereafter Pas) harbour areas with highest 

quality for savannah elephants. We used the database of global PAs from the World 

Database on Protected Areas (http://www.protectedplanet.net) and extracted all PAs in 

Africa. We generated 1000 spatially balanced points using the Sampling Network Design 

of the Geostatistical Analyst Toolbox in ArcGIS 10.5 and each point was assigned a value 

of “1” if it fall within the boundaries of a PA and a value of “0” if it fall outside a PA. We 

used t-test with grid cells to compare current habitat quality between within and outside 

PAs, the same approach applied elsewhere (Caten et al. 2017). We, then, applied a paired 

t-test to check whether there were differences in the PC between elephant habitats 

(Thouless et al. 2016) with increasing dispersal distance (100 to 400km), but maintaining 

the same probability threshold of 50%.	  
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Results	
	
Overall, niche models had reliable predictive performance (Table 1) with all TSS above 0.5 

and AUC values above 0.8. These predictions indicate niche dynamics through time with 

the present potential distribution approximating the current distribution (Fig.2 – 0k) of the 

species as outlined by the area of occupancy (AOC) generated by the International Union 

for Nature Conservancy (IUCN) and the African Elephants Database (AED) (data not 

presented). In past distributions, suitable areas for savannah elephants were mostly 

concentrated at the Eastern and Southern portions of the continents (Fig.2 - ~120kya, 

~22kya and ~6kya) with a discernible increase towards the southern border of the Sahara 

Desert and through Western Africa during the Last Glacial Maximum (Fig.2 - ~22kya) and 

Mid-Holocene (Fig.2 - ~6kya). This trend, however, demonstrated stable environment as 

for the future, with an increase in suitability at the southern border of the Sahelian region 

and the eastern and southern regions (Fig.2 - ~2050, 2070). Our results demonstrate a 

continuous reduction of suitable habitats in central Africa that might be completely lost by 

2070 (Fig.2 - 2070). 

 

Table 1: Evaluation (mean ± sd) of the performance of 10 modelling approaches for L. 

africana. MaxEnt was only evaluated using AUC. 

Algorithm TSS AUC 
ANN 0.590 ± 0.059 0.847 ± 0.029 
CTA 0.751 ± 0.010 0.909 ± 0.006 
FDA 0.664 ± 0.018 0.908 ± 0.005 
GAM 0.693 ± 0.014 0.921 ± 0.005 
GBM 0.685 ± 0.008 0.925 ± 0.00) 
GLM 0.666 ± 0.017 0.907 ± 0.005 
MARS 0.652 ± 0.022 0.905 ± 0.006 
RF 0.784 ± 0.009 0.957 ± 0.004 
SRE 0.542 ± 0.027 0.771 ± 0.013 
MaxEnt 

 
0.827 ± 0.006 

 

Overall, the dynamics of the climatic range of savannah elephants demonstrated pairwise 
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increases and decreases in habitat suitability, as indicated in Fig. 3. For example, between 

the LIG and the LGM, there was an extensive increase in suitable habitat (Fig.3a-b - 

~120kya-22kya) that was nearly completely lost during the following pair of time slices 

(Fig.3a-b - ~ 22kya-6ya) and regained during the transition between the Mid-Holocene and 

current climate scenarios (Fig.3a-b - ~6kya-Present). For future scenarios, relatively few 

changes in habitat suitability are expected, neither in totally gained or lost climatic range 

(Fig.3a-b; Table 2). Comparatively, the transition between the LIG and LGM experienced 

the highest gains in suitable climatic habitat, while the transition from the LGM to Mid-H 

experienced the highest loss of climatically habitat (Table 2). These transitions did not, 

however, imply strong niche evolution. As Table 2 indicates, climatic conditions in different 

scenarios tended to be equivalent, with both the D and I statistics indicating high climatic 

overlaps between time slices. 

 

Table 2: Pairwise niche gains, losses and overlap (measured using Schoener’s D and 

Hellinger’s I statistics) through time. Columns a) and b) represent the percentage of 

savannah elephants suitable area that were (or will be) potentially gained or lost across 

two consecutive climatic scenarios (beginning (time A) and end (time B)) and columns c) 

and d) represent the probability of similarity between climatic conditions in suitable areas, 

across two consecutive climatic scenarios. LIG stands for “Last Interglacial” (~120kya – 

140kya), LGM stands for “Last Glacial Maximum” (~22kya), MidH stands for Mid-Holocene 

(~6kya). Present corresponds to the current environmental conditions (1960-1990) and 

2050 and 2070 correspond to the projected environmental condition of (2041-2060, 2061-

2080) averaged considering four RCPs and two AOGCMs (CCSM4 and MIROC-ESM). 

 

Time A Time B a) 
Gains 

b) 
Losses 

c) 
Schoener's 
D 

d) 
Hellinger's I 

LIG LGM 17.346 4.385 0.478 0.599 
LGM MidH 5.853 10.862 0.662 0.746 
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MidH Present 8.98 3.033 0.736 0.832 
Present 2050 3.901 2.992 0.850 0.921 
2050 2070 1.551 0.795 0.955 0.979 
Present 2070 4.938 3.273 0.824 0.904 

 

Habitat quality followed the distribution of climatically suitable areas for savannah 

elephants (Fig. S2), indicating that potential conservation areas are those that have high 

climatic suitability and are not, yet, heavily affected by human presence. Areas within 

protected areas had higher habitat quality (mean = 0.53, SD = 0.13) than areas outside 

(mean = 0.62, SD = 0.14) in current climatic scenarios; t(167.2) = -6.9, p < 0.001). These 

results suggest that African protected areas are pristine habitat for savannah elephants 

and their enforcement is thereafter mandatory to ensure habitat connectivity and species 

persistence. Overall, habitat patches had average probability of connectivity at all distance 

threshold (Table 3, Table S2). At any of the considered dispersal distances, habitat 

patches in southern Africa had the most connectivity importance, followed by those located 

in eastern Africa (Table S2), reinforcing the importance of southern and eastern habitat as 

important areas for the survival of the species.  

 

Table 3: Variation of the importance of savannah elephant patches, considering different 

dispersal distances. 

 

 Dispersal distances 

 
~100km ~200km ~300km ~400km 

Minimum 0.032 0.042 0.054 0.066 
Maximum 1.473 1.315 1.206 1.153 
Mean 0.543 0.560 0.567 0.571 
Standard deviation 0.412 0.375 0.345 0.324 

 

Habitat importance (dPC) between areas elephant patches varied from 0.34±0.26 

(connectivity distance = ca. 100km) to 0.46±0.27 (connectivity distance = 400km), 
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indicating that appropriate connectivity for elephants is not dependent on the distance 

between habitats but on the possibility of reaching even further habitats. Increasing the 

dispersal distance did not change habitat importance, although it seemed to increase dPC 

values, with the most important habitats distributed across the entire range of L. Africana 

(Fig.4; Table S2). Regardless of the dispersal distance, top patches remain constant all 

over the continent, however, when we simultaneously considered habitat importance 

normalized by the number of elephants each habitat contains, some specific patches 

appear as more important than others in each of the elephant regions (Fig. 4). The number 

of elephants within each habitat tended to reduce node importance, while habitat quality 

tended to increase the importance of elephant patches (Fig. 4). 

 

 

Fig. 2. Potential climatic suitability for savannah elephants through time, measured as a 

consensus (average) between 10 modelling algorithms. Darker colouring represents 
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areas with high climatic suitability at each time slice. 

 

Discussion	
	
Climate change is influencing habitat suitability of African savannah elephants, forcing a 

southeastern and altitudinal migration. This shift is likely associated to the pattern of 

temperature increase and precipitation reduction (Gonzalez et al. 2010; Martínez-Freiría et 

al. 2016) that shaped latitudinal expansion of the Sahara desert (Tucker et al. 1991; Yan 

and Petit-Maire 1994; Petite-Maire et al. 1997; Tucker and Nicholson 1999; Kröpelin et al. 

2008) and forced the loss of suitability of most western African countries. Although there is 

a great extent of habitat suitable for African elephants, its quality is very low, as only less 

that 3% of the area can be considered highly suitable. These results indicate that in the 

near future savannah elephants’ most suitable habitat will be extensively concentrated in 

southern and eastern Africa, with extensive fragmentation and possible isolation of some 

populations, such as elephant populations from the Horn of Africa (Ethiopia, Eritrea and 

Somalia) that would be isolated from the remaining continental populations, the same 

happening with elephant populations occurring in central and north Tanzania, south and 

west Kenya, Ruanda, Burundi.  
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Fig. 3. Predicted changes in climatic suitability for savannah elephants. a) Pairwise 

difference in suitability across two consecutive climatic scenarios; and b) Areas predicted 

(or projected) to lose or gain climatic suitability through time. 

 

Climate change might possibly drive elephant population into hotspots of vegetation 

change and poaching (Gonzalez et al. 2010; Wasser et al. 2015), the last still on course 

despite global efforts to ban ivory trade. As such, suitable climatic spaces for savannah 

elephants might coincide with areas that are prone to rising temperatures, reduced 

precipitation, increasing wildfire frequency and potential vegetation changes (Gonzalez et 

al. 2010) and extensive illegal hunting with implication on the reduction of population 

effectives. As indicated, elephants are susceptible to changes in rainfall amount and 

patterns as well as increases in temperature and wildfires (Dunkin et al. 2013; Mumby et 

al. 2013), which can force them to move to other areas or perish when there is not enough 

space to migrate (Aarde and T. 2007; Graham et al. 2009; Dunkin et al. 2013). 
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African savannah elephants are keystone herbivore species (Bond 1994) and their survival 

is crucial to the survival of the entire savannah ecosystem (Western 1989; Bond 1994; 

Campos-Arceiz and Blake 2011). This species plays an important function in the ecology 

of the habitats because they break woody vegetation, open forest canopy and thickets, 

modify the habitat, create pathways that are used by other animals and facilitate seed 

dispersal (Western 1989; Campos-Arceiz and Blake 2011), raising concerns over its 

elimination or the reduction of its capabilities to attain these ecosystem services. Recent 

papers (Barnes 1999; Bouché et al. 2011) have raised concerns associated to the 

possibility of the disappearance of elephants from Sudano-Sahelian savannahs and 

discussed the implication of such issue. Likewise this region, habitat fragmentation and 

confinement of elephants in distinct populations may have significant impacts on the 

ecosystem dynamics and also on the survival ability of the species, requiring the 

improvement of habitat management efforts. 

 

Confinement of elephants in small patches can have severe impacts on the vegetation 

structure and several examples do exist. Destruction of baobab trees due to high 

concentrations of elephants has been extensively reported (Barnes 1980; Weyerhaeuser 

1985; Barnes et al. 1994; Gebauer et al. 2016) and also vegetation clearance and 

modification (Zisadza-Gandiwa et al. 2013; O’Connor and Page 2014; du Toit et al. 2014; 

Muvengwi et al. 2015; Morrison et al. 2016). Likely, our results indicated an enormous 

potential for the establishment of wildlife corridors that would enable safe elephants’ 

movements. 

 

Most areas have corridors already implemented or there are plans for their establishment 

(data not shown), thus provide enough room for elephants’ movement at a finer scale 

(Jachowski et al. 2013). However, simple establishment of corridors might not protect the 
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species as the reality of most wildlife corridors already established in Africa is critical 

(Mwalyosi 1991; Caro et al. 2009). As such, conservation authorities need to develop new 

mechanisms to secure and maintain wildlife dispersal areas and influence the rates and 

nature of land use changes around protected areas (Mwalyosi 1991). 

 

Because climate-induced habitat fragmentation can lead to the isolation of elephant 

populations and influence long-term endogamy (Buza et al. 2000; Ahlering et al. 2012a, b; 

Méndez et al. 2014; Farias et al. 2015), the establishment of elephant corridors will likely 

link different populations, improve species movement, improve demographic exchange 

(Simberloff et al. 1992; Mech and Hallett 2001; Sharma et al. 2013; Silveira et al. 2014) 

and ensure adequate populations’ genetic viability. However, establishment of corridors 

should be followed by extensive analytical studies as to ensure that they are a not a 

source of downside effects (Ogden, 2015; Resasco et al., 2014; Haddad et al., 2014). 
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Fig. 4. Connectivity and habitat importance values at different dispersal distances. Each 
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row indicates values for each specific dispersal distance, the connectivity, habitat 

importance and habitat importance normalized by the number of elephants and the habitat 

quality (measured by averaging current suitability and human footprint). 

 

The incorporation of habitat suitability and human impacts in conservation studies is an 

approach that allows greater understanding of the ecological processes that shape 

connectivity between patches at small or broader scales (Urban and Keitt 2001; Baguette 

et al. 2013). Because habitat suitability maps indicate the probability of a species 

occupying a landscape (Boyce et al. 2002; Wang et al. 2008), they can be used with other 

variables to develop landscape resistance matrixes that are, then, applied in the process 

of designing connectivity corridors or to identify priority areas for enhancing species 

dispersal (Fang Liu et al. 2017). Considering the current rates of climate change and 

human transformation of the landscape, it is instrumental to secure current critical habitats 

to ensure that organisms can move across landscapes to track and locate suitable habitats 

(Liu et al. 2014; Pacifici et al. 2015; Liu et al. 2017). 

 

The modelling of the potential connectivity between savannah elephants' habitats 

reinforces or supports three main ideas: (i) the idea of the need to adopt and improve 

regional strategies for savannah African elephant protection; (ii) the idea that the 

protection of elephants in Africa requires their identification in two species already proven 

by molecular genetic processes (Loxodonta africana and Loxodonta cyclotis); and (iii) the 

existence of potential for the establishment of corridors for that could connect habitats, 

aiming to guarantee the dispersal of the species, its long-term persistence and the 

maintenance of the ecosystem services that the species provides. 
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Conclusion	
		
This paper addresses the ecological response of African savannah elephants considering 

different climate scenarios and timeframes and potential connectivity between patches to 

inform potential pathways for effective management. Our results indicated that climate 

changes might drive the fragmentation of African savannah habitats and reduce its climatic 

suitability that when associated to increasing human-derived habitat fragmentation might 

isolate elephant populations reducing their survival potential. Southern and Eastern Africa 

appears to be potential strongholds for African savannah elephants, despite the fact that 

these populations might have a patchy distribution in the near future. In addition, we have 

indicated that there is enough potential for the establishment of corridors that might 

enhance the dispersal ability of African elephants, ensuring their long-term persistence 

through the reduction of the ecosystem carrying capacity and destruction of the habitat, 

improvement of gene flow and improvement of elephants’ viability. We suggest that there 

is an urgent need to focus on the development of appropriate wildlife corridors linking 

potential habitats as a strategy to improve the chances of populations’ persistence. 
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CHAPTER	III.	On	how	governance,	environmental	and	socioeconomic	
indicators	drive	elephant	abundance	in	Africa	
 

Daniel Augusta Zacarias 1,2,3,4* & Rafael Loyola 3,Õ 

 

Abstract	
 
The current rate of biodiversity loss has been attributed to several causes, mainly climate change 
and human pressure and across the later, habitat fragmentation due to forest clearing from 
agricultural expansion is considered one of the major driver. Recently, however, it has been 
recognized that biodiversity loss is a result of the interaction among a wide range of drivers and 
that this interaction might differ across different analytical scales. Here, we assess the main drivers 
of current abundance of African elephants and their interaction at the continental and sub-regional 
scales. We used a three-stage approach to model these interactions, ranging from regression 
trees (RT), conditional inference trees (CIT), and structural equation modeling (SEM), applied to a 
broad range of governance (n = 17), socioeconomic (n = 18) and environmental (n = 16) indicators 
across 413 samples in Africa. Higher abundances of elephants were found in eastern and southern 
Africa. At the continental scale, we found that larger habitat remnants with low rates of poaching 
located in countries with low levels of corruption and reduced human pressure had more 
elephants. The variation of elephant abundance across habitat patches, however, was modulated 
by the combined interaction among governance, socioeconomic and environmental indicators, 
especially by the level of perceived corruption, poverty, the impact of human activities and the 
percentage of elephant range already lost. Governance had a direct impact on elephant 
abundance at the continental scale, with stronger effects in western and central Africa, where it is 
associated with socioeconomic indicators. We conclude that long-term elephant management is 
dependent on multiple interacting factors and that effective conservation should focus on regional 
and local approaches, although a continental scale might be an effective way to understand the 
challenges driving elephant abundance. 
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Introduction	
	
Global conservation efforts are failing to protect biodiversity (Decker et al., 2016). Current 

times illustrate human domination of Earth at its top levels (Vitousek et al. 1997; 

Schramski et al., 2015), with claims indicating a new geologic era - the Anthropocene - as 

the major geological forces are human-dominated, rivalling natural forces (Vitousek et al., 

1997; Crutzen, 2006, Zalasiewicz et al., 2008). The increasing influence of human 

domination over natural processes is having tremendous impact on biodiversity (Decker et 

al., 2016), with several evidences of a new and distinctive contemporary biostratigraphic 

signal (Zalasiewicz et al., 2008). This signal is characterized by extensive species 

extinctions, accelerated human population growth, extensive encroachment of natural 

ecosystems by agricultural activities, and the increasing threat to species and populations 

(Singh, 2002; Laurance, 2007; Hill et al., 2016). 

 

The above challenges are calling for the understanding and establishment of new or 

improved mechanisms that can mitigate the current rate of species loss and ensure the 

long-term persistence of extant species (Ehrlich and Pringle, 2008; Ceballos et al., 2015). 

Among several strategies, the protection of functionally unique species is considered an 

excellent alternative to avert biodiversity loss and the maintenance of ecosystem functions 

(O’Gorman et al., 2011; Kuebbing et al., 2017; Brum et al., 2017). Among these species, 

elephants have been widely described as functionally unique species, ecosystem 

engineers and megagarderners of the habitat (Campos-Arceiz and Blake, 2011; Sekar and 

Sukumar, 2013). This is particularly important when considering that functionally unique 

species may act as umbrella species, ensuring the survival and persistence of the 

remaining species. 

 

However, protection of these species and of biodiversity overall is not an easy task as 
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several factors interact to determine their persistence. Several studies to understand the 

determinants of biodiversity trends and distribution have been developed worldwide. For 

the case of elephants, it appears that this topic is gaining more interest, mainly as a result 

of the perceived extensive decline of the species and the global challenges that might 

arise from the loss of the species. However, most studies are developed at a local scale or 

targeting specific populations, with exception of studies developed to understand the 

conservation status of Asian elephants (Calabrese et al., 2017), factors associated to 

illegal killing of elephants in its entire range (Burn et al., 2011) and the spatial differences 

in African elephant densities and occurrence (de Boer et al., 2013). These studies and the 

ones targeting local populations (e.g. Selier et al., 2016) provide a broad picture indicating 

that the combination of ecological and socio-political drivers have different effects of the 

status of elephants. 

 

Considering that elephants are keystone species with global conservation importance and 

that its conservation and long-term persistence would be beneficial to the ecosystem 

where the species persists, in this paper we aim to understand the ecological and 

governance determinants of the current elephant trends, status and distribution. 

Specifically, we aim to answer the following questions: (i) which variables of governance, 

socioeconomic and environmental components influence local elephant abundance? To 

what extent do these variables influence range-wide and regional estimates of elephants? 

 

Material	and	methods	
	
Conceptual framework 

Prior to developing the framework to assess the determinants of elephant numbers and 

distribution, we identified through extensive literature review the possible links between 

elephants and the major components used in the paper, the same approach applied 
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elsewhere (Margoluis et al., 2009). From this approach, several variables where identified 

(Table S1). However, as biodiversity conservation is a complex endeavour (Poiani et al., 

2000; Brechin et al., 2002; Game et al., 2014; Young et al., 2014), the direct and indirect 

contribution of each determinant will, at the end, depend on the spatial scale of the study, 

the complex interaction between selected variables and the mathematical model used 

(Selier et al., 2016; Calabrese et al., 2017; Laycock et al., 2012; Vilà et al., 2013). 

 

 

Fig.1. A simplified model of the interaction between governance, socio-economic attributes 

and environmental characteristics to predict African elephant abundance. 

Our analysis builds on previous research that attempted to indicate the driving forces for 
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biodiversity loss at global and local scales (Lira-Noriega and Soberón, 2015; Calabrese et 

al., 2017; Selier et al., 2016) to make the assumption that governance (and its underlying 

drivers) and socioeconomic characteristics of a site have an intrinsic effect on elephant 

abundance, however, mediated by environmental conditions of the local area (Fig. 1). 

 

Data on African elephant abundance 

We derived elephant numbers from the 2016 African Elephant Status Report (AESR; 

Thouless et al., 2016), published by the African Elephant Database (AED; 

http://www.elephantdatabase.org) with support from results of the Great Elephant Census 

(GEC - http://www.greatelephantcensus.com/; Chase et al., 2016). Both documents are a 

milestone for elephant conservation as they provide (i) quantitative models of elephant 

population trends across the continent (Chase et al., 2016) and (ii) places where these 

changes have taken place (Thouless et al., 2016). 

 

As provided at the AESR, we retrieved the geographic location of each area where 

elephant surveys had been conducted (n = 413 in 37 countries; Fig. 2). Apart from the 

geographic location of each site, we also retrieved information associated to survey details 

(type, year and reliability), number of elephants (estimates and confidence limits – CL), the 

size of the site (in km2) and the main reason for change in elephant abundance (Table S2). 

 

We built our dataset considering only the official estimates provided by the 2016 AESR, 

not accounting for confidence limits and guesses, and our results are conservative in this 

aspect. In addition, we did not separate between forest (Loxodonta cyclotis) and savannah 

(Loxodonta africana) elephants. 413 sites in 37 countries were utilized with elephant’s 

abundance ranging from no elephants at a site and 129,939 elephants (northern 

Botswana). The area of the sites varied from 4km2 (Tené Forest, Côte d’Ivoire) to 
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1,287,763 km2 (Gourma, Mali) while elephant densities per site varied from 4x10-5 to 25 

elephants/km2. 

 

Fig. 2. Elephant habitats in Africa. Red dots represent the centroids of each surveyed 

areas (adapted from Thouless et al., 2016) used in this paper. For colours the reader is 

referred to the online version of the paper. 

 

Explanatory variables used to understand elephant abundance 
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Two major dimensions can be used when attempting to understand the determinants for 

biodiversity conservation, namely the country and the local scale (Lira-Noriega and 

Soberón, 2015). Considering these dimensions, we collected data from publicly available 

online databases, targeting indicators that could represent governance, environment and 

socioeconomic dimensions (Table S1). All governance variables were collected at the 

country level, mostly because these variables are measured considering government 

systems (Lira-Noriega and Soberón 2015; Selier et al., 2016; Calabrese et al., 2017) and 

environmental and socioeconomic variables were collected both at the country and local 

levels. 

 

Most data were directly retrieved from the literature. When this was not possible (i.e. 

hunting pressure), we generated data through interpolation by inverse distance weighting 

(IDW), the same approach applied elsewhere (Chen and Liu, 2012; Ozelkan et al., 2016; 

Varatharajan et al., 2017). For country boundaries, we considered the Database of Global 

Administrative Areas (GADM v2.8; http://www.gadm.org/version2) as elsewhere 

(Calabrese et al., 2017) and for the local level, elephant sites as displayed by the 2016 

AESR (Thouless et al., 2016). 

 

Data analyses 

We wanted to understand the general pathways of interactions between our set of 

indicators (n = 51) and the number of elephants per site, mostly because relationships 

between variables are not always linear but involve a vast array of interactions (De’ath and 

Fabricius, 2000). To understand this possible complex of interactions we used a 3-stage 

modelling process based on regression trees (RT) and conditional inference trees (CIT) 

(Morgan and Sonquist, 1963) and structural equation modelling, providing a flexible and 

robust approach (De’ath and Fabricius, 2000; De’ath, 2002). 
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These analyses enabled us to estimate the variation of the number of elephants across 

sites and the overall interaction between elephant abundance and the entire set of 

explanatory variables, the same approach applied elsewhere (De’ath and Fabricius, 2000; 

Melo et al., 2009; Hart et al., 2014; Yu et al., 2014). We first estimated the direct 

relationship between selected variables and elephant abundance through RT. Because we 

were also interested in understanding not only the direct relationship between species but 

also how the strength of these interactions explained elephant abundance per habitat, we 

performed CIT analysis, again at the continental and regional scales. 

 

We built regression and conditional trees using the libraries rpart (Therneau et al., 2017) 

and party (Hothorn et al., 2006) in R software (R Core Team, 2016) using default settings. 

For both RT and CIT we ran five trees, one covering the entire data set and four covering 

the four main elephant regions in Africa (western, central, southern, eastern), based on the 

classification provided at the AESR. Before modelling we evaluated the multicollinearity 

among predictor variables using the Kolmogorov-Smirnov test, either considering all 

variables at once or separated variables grouped by their class in the matrix (governance, 

environment and socioeconomic). Analysis was done using the Statistical Package for the 

Social Sciences (SPSS v.22; IBM Corporation, 2013). 

 

We fitted structural equation models (SEM) to infer the pathways by which governance, 

socioeconomic and environmental contexts affected elephant abundance. Structural 

equation modelling is a powerful applied multivariate statistical analyses technique 

(Hershberger et al., 2003) that aims to translate hypothesized cause-effect relationships 

between variables into composite hypothesis of statistical dependencies (Shirpley, 2000). 

Structural equation models were based on the previously developed conceptual 
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framework (see section 2.1). We did SEM using the SmartPLS 3.0 software (Ringle et al., 

2014). We performed structural equation modelling to understand how variables interacted 

among each other, when grouped into governance, socioeconomic attributes and 

environmental characteristics. 

 

We chose SmartPLS for several reasons: (i) it uses a variance-based approach to build 

SEM, appropriate for predictive studies and theory building (Hair et al., 2014; Gefen et al., 

2000), (ii) it can be applied when data are not normally distributed (Chin, 1998) which is 

our case, (iii) works fine with constructs with fewer (or just one) items (Carneiro et al., 

2017), which is our case on elephant numbers, and (iv) can perform bootstrapping to 

generate significance measures (Liu et al., 2011). As we were interested in finding the 

model that could better explain the relationships between our latent variables (LV) and the 

abundance of elephants, we ran SEM with bootstrapping, considering 5000 subsamples 

and 10,000 iterations, using a two-tailed test with significance level of 0.05. Similar to RT 

and CIT, we performed SEM at the continental and regional scales. 

 

Results	
	
At a continental level, RT analysis generated a tree with six leaves indicating that the 

elephant abundance was mostly a result of the interaction between the size of the area 

(Env7) and the proportion of illegally killed elephants (SEc16) (Fig. 3). Larger numbers of 

elephants were associated to large areas (more than 24,627.38 km2; n=8), although there 

also existed areas below this threshold that had larger numbers of elephants, as long as 

the poaching rate was low (below 0.4235). 

 

Regional analysis, however, showed different results (Fig. S1). In western Africa (Fig. 

S1a), for example, the number of elephants per habitat was primarily influenced by 
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inequality-adjusted human development index (a proxy of poverty) (Env9) and the 

percentage of protected terrestrial biomes, weighted by the domestic biome area (Env16). 

In other regions, the size of the habitat patch still remained an important of elephant 

numbers, but in association with the impact of human presence (Env8) in central Africa 

(Fig. S1b) and the rule of law (Gov10) in eastern Africa (Fig. S1c). 

 

 

Fig. 3. Regression tree (RT) of the determinants of African elephant estimates at a 

continental scale. Env7 stands for size of the surveyed elephant site (in sqkm) and Sec16 

stands for the proportion of illegally killed elephants (PIKE). Regional RTs are displayed as 

Fig. S1. 

 

While the size of the area (Env7) was still a major determinant of elephants’ abundance at 

the continental scale, CIT outlined different interactions among the explanatory variables. 

At a continental scale, habitat patches in countries with relatively good governance (Gov13 

≤ 4.4) and high development inequalities (SEc9 ≤ 0.391) had significantly homogenous 
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number of elephants, while habitats in countries with high levels of corruption (Gov13 > 

4.4) had significant variations in the number of elephants (Fig. 4). 

 

In addition, large habitats (Env7 > 15,115 km2) in low development inequalities (SEc9 > 

0.361) also had large variations in elephant abundance, while for small habitats (larger that 

652 km2 but smaller or equal to 2610 km2) the variation on the number of elephants was 

associated to the inequality level and the percentage of range change (Env6) in each 

country (Fig. 4).  

 

 

Fig. 4. Classification inference tree (CIT) for predicting the variation in elephant abundance 

in Africa. Figure illustrates the most important and significant variables (p-values) and the 

variation of elephant abundance (boxplots) in each terminal node. Env6 = range change 

(%), Env7 = size of the habitat (in sqkm), Sec9 = development inequality, Sec12 = , Gov13 
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= perceived corruption index. Regional CITs are displayed as Fig. S2. 

	
At the regional scale, however, the number of interactions diminished and was mostly 

concentrated around three major determinants (Fig. S2). In western Africa, the rate of 

human populations change (SEc15) and the proportion of in-country proportion of 

protected biome (Env16) explained the variation in the number of elephants. Elephant 

patches in countries with relatively high proportion of protected biomes (Env16 > 0.28) and 

low rates of human population chance (SEc15 ≤ 128.05) had significantly homogeneous 

abundance, while habitats located within countries with high rates of human population 

change (SEc15 < 128.05) had high variability in elephant numbers (Fig. S2a). In central 

Africa (Fig. S2b), the variation in elephant abundance across habitats was mostly a result 

of the interaction between the size of the habitat (Env7) and the proportion of endangered 

species protected in the country (Env14), with areas with higher numbers of endangered 

species (Env14 > 3.05) but relatively small areas (Env7 ≤ 12.787 km2) having larger 

variability in elephant abundance than areas in countries with low proportion of protected 

areas (Env14 ≤ 3.05; n =73). 

 

Overall, the model indicated that the coefficients between selected indicators and the 

corresponding latent variable was statistically significant (t > 1.96, p < 0.05). At a 

continental scale, the correlation coefficients between the latent variables and the 

abundance of elephants showed that governance had a significant positive impact on the 

local socioeconomic attributes (β = 0.632, t = 22.19, p = 0.000) and on the abundance of 

elephants (β=0.122, t = 2.129, p=0.003), but a negative impact on the environmental 

characteristics (β = -0.376, t = 4.325, p = 0.000) of each elephant patch (Fig. 5; Table 1). 

Socioeconomic attributes and environmental characteristics did not have significant impact 

on the abundance of elephants, but the socioeconomic attributes significantly affected 
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environmental variables (β = 1.058, t = 30.383, p = 0.000). At the regional level (Fig. S3), 

governance had significant negative impact on the abundance of elephants on the western 

and central regions (β = -0.381, t = 4.361, p = 0.000 and β = -0.860, t = 4.257, p = 0.000) 

but not on eastern and southern regions, but affected other latent variables, either 

positively or negatively (Fig. S3). 

 

Fig. 5. The interaction between governance, socioeconomic attributes and environmental 

characteristics in determining African elephant abundance. See Fig. S3, for details of 

these interactions at the regional level. 

Discussion	
	
In times when the race to find solutions to tackle the biodiversity crisis is urgency, the 
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implementation of different approaches to reach to these solutions is a must (Phillis et al., 

2012). Biodiversity has entered into a catastrophic decline and African elephants might 

soon integrate the long list of lost species if no appropriate actions are taken into place to 

stop current trends of habitat fragmentation and poaching (Chase et al., 2016). 

 

The implementation of mechanisms to control the factors that influence the decline of 

biodiversity, however, must be the result of a comprehensive and integrative process of 

several elements, ranging from improving the processes of management and territorial 

control, improving the living conditions of communities where biodiversity occurs, as well 

as the provisioning of management structures that monitor the use of biodiversity 

resources. On the other hand, and considering that the scale of management of natural 

resources greatly influences the success of conservation (Phillis et al., 2012; Henle et al., 

2014; Gunton et al., 2014; Chase and Knight, 2013), it is necessary that the 

implementation of control mechanisms be adjusted to the local territorial realities, although 

territorially broader strategies can serve as a cornerstone foundation and umbrella for 

monitoring operations in larger scales (Oppel et al., 2014). 

 

Our results indicate the need of applying different approaches to elucidate the 

determinants of biodiversity status and conservation success (Phillis et al., 2012), not only 

at the methodological perspective but also at the spatial level, as variables do not have the 

same effect in different areas (Henle et al., 2014; Gunton et al., 2014). The single 

application of regression models, as applied in some studies (ex. Selier et al., 2016; de 

Boer et al., 2013) assume that single predictive formulas can explain the entire dataset, 

making it difficult to interpret results or to make exhaustive explanations, especially when 

data interact in non-linear behaviours, which is the case of elephant abundance and 

density (Walsh et al., 2001).  
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In addition, our results also indicated that at the continental scale the size of the habitat 

was the major determinant of elephant abundance in Africa, in association with the rate of 

illegal killings. These results were already expected and are in accordance with previous 

research not only on African elephants but also on their counterpart in Asia, that can be 

explaining by the fact of being large-bodied species with large dispersal distances that 

require large habitat for food and movement (Calabrese et al., 2017; Maisels et al., 2013; 

Madhusudan et al., 2015). 

 

At the regional level, elephant abundance was a result of the interaction between 

environmental and governance, with variation across regions, demonstrating that 

successful management should be targeted at regional level. Apart from the size of the 

habitat and the proportion of elephants illegally killed, that determined the variation in 

abundance, poverty and human activities have been outlined as major drivers, especially 

in west and central Africa. Early studies have indicated that elephants in these regions 

were at of disappearing, mainly as a central of a reduced number of protected habitats and 

high human land use, poor law enforcement, poor governance, and proximity to expanding 

infrastructure (Bouché et al., 2011; Maisels et al., 2013). 

 

Most drivers, however, have their background on the relatively poor governance of most 

countries harbouring elephant populations and the resulting high corruption and non-

environmental development programs (Laurance et al., 2009; Weng et al., 2013; Laurance 

et al., 2015a; Laurance et al., 2015b) affect ecosystems and consequently elephant 

habitats and abundance. With expected development trends, a dark future might me 

envisioned for African elephants, with extensive habitat fragmentation. 
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Finally, the general assumption that governance and socioeconomic characteristics have 

direct and isolated impacts on the abundance of elephants as elsewhere indicated (Smith 

et al., 2003; Agrawal et al., 2008; Lira-Noriega and Soberón 2015) should not be used as 

a milestone for elephants’ conservation, especially in the long-term and at the regional 

level. Our results indicate that not only there is a need to consider the multitudes of 

interactions between governance, the environment and socio-economic characteristics, 

but also consider the spatial scales at which elephants are to be managed. 

 

Whilst at a continental scale, governance seemed not no have a direct impact on elephant 

abundance, at the regional level this trend tend to be inversed, reinforcing the idea of 

setting regional conservation strategies. As such, the future of African elephants is heavily 

dependent on the improvement of the governance capacity the country level, associated 

with and upgrade of living conditions in areas around elephant habitats and control of the 

mechanisms that are driving deforestation, habitat fragmentation and poaching (Stokes et 

al., 2010; Selier et al., 2016; Calabrese et al., 2017; Lindsay et al., 2017). 

 

Conclusion	
	
The number of elephants is drastically decreasing in Africa and several reasons have been 

pointed out, from habitat fragmentation to illegal hunting and weak implementation of 

action mechanisms. Although this interaction is recognized, few people work to study it, 

mainly in several scales of analysis. 

 

In this study, we have shown that the main factors explaining elephant abundance are 

habitat size and proportion of elephants illegally slaughtered, although the variation in 

habitat abundance was explained by the country's index of compliance, relative poverty in 

the surrounding community’s habitats and the effect of human populations on 
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ecosystems. Although these factors are explained at continental level, their effect has 

varied regionally, mainly in the centre and west. 

 

Our results show that elephant conservation and its long-term persistence depend on 

multiple interactions and that the management mechanisms, in order to be effective, must 

be designed and applied at a regional level where they can capture the particularities of 

each territory. On the other hand, it is necessary to focus on the improvement of public 

management in the countries that shelter elephants in order to ensure a halt to activities 

that lead to habitat degradation, overexploitation of ecosystems and mitigation of illegal 

hunting that fuel illegal ivory markets, that despite the global ban, still proliferate in 

clandestine markets. 
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CHAPTER	IV.	Challenging	the	restoration	of	long	lost	ecological	functions	
with	extant	elephants	
 

Daniel Zacarias 1,2,3,4* & Rafael Loyola 3,Ö 

 
Abstract	
 
Where should species be reintroduced to restore lost ecological functions? What 
ecological and genetic assumptions need to be considered when planning for rewilding 
nature? This paper explores these questions considering the current debate for restoration 
with extant species as a mechanism to restore lost ecological functions. It uses current 
occurrence records of the three living species of elephants and through species 
distribution modelling attempts to identify areas with potential climatic suitability for their 
reintroductions, at a global scale. Then, it assesses habitat availability in the areas already 
suggested for rewilding with elephants. Results indicate that North America, Europe and 
large of parts of Asia are not climatically suitable for elephants and that savannah and 
Asian elephants have the largest potential for rewilding the southern hemisphere. All three 
already suggested areas for rewilding have great habitat availability, but introduction of 
elephants should not be considered only as a function of habitat availability, but should 
consider some precautions should be taken into consideration in the Cerrado and the 
Great Plains due to the prevalence of cropland and settlements that could result in 
conflicts. 
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Introduction	
	
Our planet is entering its sixth mass extinction event (Barnosky et al., 2011; Ceballos et 

al., 2015, 2010; Dirzo et al., 2014; Kolbert, 2014; Leakey and Lewin, 1996; Pereira et al., 

2010) and driving a new geological era known as the Anthropocene (Crutzen, 2006, 2002, 

Steffen et al., 2011, 2007; Zalasiewicz et al., 2011); but the humanity still lives surrounded 

by the ghosts of giants (Levy, 2011). Most of these giants disappeared ca. 10,000 years 

ago, but some of their surrogates are still extant such as the elephant, lion, rhinoceros, 

buffalo, bison, camels, among others all facing the extinction threat (Malhi et al., 2016; 

Stuart, 2015; Svenning et al., 2016; Young et al., 2016). Despite all efforts addressed to 

controvert current rates of extinction, the current rate of extinction is still very high and the 

future of biodiversity is predicted to be pessimist (Ceballos et al., 2015; Hoffmann et al., 

2010; Pereira et al., 2010). 

 

Debates over the root causes of extinction have placed Pleistocene climate changes and 

human colonization in the spotlight but consensus are still to be achieved as to the main 

cause (Barnosky and Lindsey, 2010; Brook and Barnosky, 2012; Lima-Ribeiro et al., 2013; 

Lima-Ribeiro and Diniz-Filho, 2013; Meltzer, 2015; Saltré et al., 2016; Stuart, 2015; Wroe 

and Field, 2006; Yule et al., 2014; Zazula et al., 2014). Nevertheless, it appears to exist 

agreement that the combined effect of Pleistocene climate changes and the settlement of 

humans in some areas have contributed to the loss of megafauna during the fifth mass 

extinction (Barnosky and Lindsey, 2010; Eric Scott, 2010; Lima-Ribeiro and Diniz-Filho, 

2013; Meltzer, 2015; Nikolskiy et al., 2011; Pushkina and Raia, 2008; Wroe and Field, 

2006), thus disrupting ecosystem functions and trophic cascades (Bakker et al., 2016; 

Barnosky et al., 2016; Malhi et al., 2016; Smith et al., 2016a, 2016b). This debate has 

resulted in the establishment of several hypotheses to explain the overkill of species and 

its consequences, such as “rapid climate cooling”, “environmental insularity”, “Blitzkrieg or 
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rapid overkill”, “protracted overkill”, “three-stage overkill”, “Clovia age drought”, 

“Hypervirulent disease”, “Keystone mega-herbivores extinction”, among others (see 

Burney and Flannery, 2005 for a review). 

 

Alongside the debate over the fifth mass extinction, the debate over the current rate of 

species extinction is also growing (Caro et al., 2012; Malhi et al., 2016; Svenning et al., 

2016) calling for new strategies that could revert this scenario (Caro et al., 2012; Keulartz, 

2016; Simon Ayres, 2015). Currently, two major approaches are discussed as a mean to 

controvert the current rate of extinction, namely biodiversity conservation (itself), that 

consists on safeguarding the representation of the biological diversity and protecting biotic 

elements and interactions (Sandom et al., 2013; Soulé and Noss, 1998) and rewilding, that 

consists of the restoration of large areas by reactivating top-down tropic cascades once 

lost by the disappearance of big mammals (Foreman, 2004; Donlan et al., 2006; Young et 

al., 2016). Controversies and misunderstandings surround both approaches, mainly as a 

result of dichotomies and different emphasis despite the fact that both are complementary 

(Foreman, 2004; Soulé and Noss, 1998; Soulé and Terborgh, 1999). 

 

Among several approaches deemed as rewilding the concept of taxon substitutions 

(Griffiths and Harris, 2010; Hansen et al., 2010; Waibel et al., 2013) has been gaining 

track, mainly as a result of the idea of creating Pleistocene Parks (Donlan et al., 2006; 

Rubenstein et al., 2006; Zimov, 2005). Central to this point is the idea that the extinction of 

the megafauna disrupted ecological functions that could be recovered by the introduction 

in these environments of similar species. For example, extant elephants could act as 

surrogates of the extinct mamooths and mastodonts and gomphothere, lions would 

replace the American lion, extant camels in Africa and Asia would replace the extinct 

camelids that lived in the USA, among others (Donlan et al., 2006; Rubenstein et al., 
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2006; Zimov, 2005). 

 

Among several species, savannah (Loxodonta africana), forest (Loxodonta cyclotis) and 

Asian elephants (Elephas maximus) have been indicated as surrogates to rewild the Great 

Plains in the USA and Canada (Foreman, 2004; Donlan et al., 2006), Australia (Bowman, 

2012) and the Cerrado in Brazil (Galetti, 2004). However, the scientific foundations 

towards this process are still anecdotal and theoretical (Lorimer et al., 2015) and as such 

the outcomes of such endeavours are still not completely understood (Jørgensen, 2015; 

Prior and Ward, 2016; Reardon, 2014; Svenning et al., 2016). Central to the debate of the 

establishment of Pleistocene parks is the need to identify the most appropriate areas for 

species introduction, the availability of habitat and the ecological, genetic and societal 

implication of such projects. This paper focuses on these issues and discusses the 

feasibility of elephant introduction in the proposed areas. 

 

Challenges	associated	to	the	introduction	of	elephants	for	taxon	substitution	
	
The current debate associated to rewilding is mostly based on theoretical assumptions, but 

few empirical studies already exist that demonstrate the associated feasibility and 

concerns. Associated to the on-going debate over the role of climate and humans in the 

extinction of Pleistocene megafauna, several gaps are indicated in the scientific literature. 

 

A recent review has indicated that there is a multitude of risks and uncertainties associated 

with rewilding, since the assumption of the need to restore ecosystems at different 

temporal realities (Pleistocene, Holocene, rediscovering new territories) to the existing 

gaps in scientific literature on ecological processes and intra / inter-specific interactions 

that generated species extinction (adaptation, evolution) (Lorimer et al., 2015). 

Furthermore, studies show that the development of rewilding processes is obscured by 
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the debate between the viability and suitability to interact with the current environment to 

produce changes in the composition and functioning of altered landscapes (Naundrup and 

Svenning, 2015; Richmond et al., 2010; Svenning et al., 2016). 

 

In this context, the clarification of isolated or combined effect of climate and humans in 

extinction processes appears to be a primary tool for evaluating the viability of rewilding 

projects. Thus, the adjustment of the restoration projects of ecosystems cannot be based 

on the climatic feasibility only, but also on the evolutionary and adaptive context of the 

species as well as the quality of the habitat where the species will be introduced (Keulartz, 

2016; Rubenstein and Rubenstein, 2016). 

 

Challenge 1: The availability of climatic conditions does not necessarily mean that species 

will thrive in new environments 

 

The application of species distribution models to infer potential distribution or potential 

areas for species is widely discussed in the literature (Elith and Leathwich, 2009; Sinclair 

et al., 2010; Lavergne et al., 2010; Maguire et al., 2015). In the context of rewilding, 

several studies have been developed aiming to identify potential areas for species 

introduction (Sobral-Souza et al., 2017; Naundrup and Svenning, 2015; Koljonen et al., 

2012). However, these models only consider the similarity of climatic conditions and infer 

the results with the probability of species establishment, ignoring other assumptions such 

as dispersal and interactions, as species range limits are complex and involve aspects of 

evolution and ecology (Sexton et al., 2009). 

 

Because these models tend to ignore species’ demography, species’ adaptive potential, 

and biotic interactions (Lavergne et al., 2010), they are not representative of the ideal 
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conditions for species presence and their utilization for the identification of potential areas 

for elephant introductions should be carefully considered. Examples of mismatches 

between species distribution models and species introductions do exist and illustrate the 

complexity of the issue. For example, extensive modelling of suitable habitats for the 

European bison (Bison bonasus) that identified suitable climatic conditions for its 

reintroduction in the Carpathian Mountains in Europe (Kuemmerle et al., 2010; Ziólkowska 

et al., 2012; Bleyhl et al., 2015) resulted in the identification of suitable habitats that after 

introduction were not colonized by the species, mainly of a result of limited functional 

connectivity across suitable habitat patches (Ziólkowska et al., 2016). 

 

Challenge 2: The ghosts of the past: there is a need to clarify the reasons behind 

Proboscides extinction during the Pleistocene 

 

One of the major drivers of ecological restoration is the return to ancient conditions were 

nature was more productive and diverse (Alagona et al., 2012). In the context of rewilding 

the quest of the past is a tremendous endeavour and different baselines (pre-historic, 

historic, recent), each associated to a different perspective of rewilding. But the past is 

long gone and getting back to it requires the understanding of the existing complexity of 

these times, what drove species to extinctions and how species interacted by then. 

 

Among several ghosts of the past, the role of climate and humans in driving species 

extinction is still an open debate. While some argue that climate changes drove 

megafaunal extinctions, other suggest human over-hunting as the major cause with some 

adopting a precautionary approach that suggest that the interaction between human and 

climate shaped species extinction during late Pleistocene (Yule et al., 2014; Barnovsky et 

al., 2004). Within this debate, it appears that there are spatial variation of this interaction 
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and different timelines of extinction, making it difficult to establish an appropriate temporal 

and spatial rewilding baseline. While attempts to establish these baselines are being 

developed (Svenning and Faurby, 2017), accurate baselines will be hard to determine 

(Lorimer et al., 2015), with significant impacts on the success of rewilding, strictu sensu, 

projects. To date, no Proboscidean fossil has been discovered in Australia and introducing 

elephants in this continent, as suggested elsewhere (Bowman, 2012) should not be 

considered a valid option. 

 

The second ghost of the past is the appropriate evaluation of the number of individuals 

necessary to recreate pre-historic conditions and effectivelly restore the long lost 

ecological functions. The carrying capacity concept has been defined as the maximum 

population that a given environment can support given finite resources. This definitions 

recalls the density dependence attribute in rethinking rewilding projects. Some necessary 

questions that need to be addressed are: (i) how many extinct Proboscidea were 

necessary to maintain ecological functions in different baselines, (ii) how many elephants 

are needed to restore the long lost ecological function. Considering that some ecosystems 

in Africa have to adopt specific measures to control overabundance of elephants, 

considering carrying capacity in the context of rewilding baselines should be prioritized. 

 

Challenge 3: There is no guarantee that elephants will positively interact with the species 

used by extinct Proboscidea 

 

A major claim raised by rewilding community is to use living taxa to restore ecological 

functions lost with the extinction of the Pleistocene megafauna (Hansen et al., 2010; 

Lorimer et al., 2015) that resulted in the alteration of the vegetation structure and dynamics 

(Bakker et al., 2016; Doughty et al., 2016; Wolverton, 2010), elimination of the habitat for 
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small species and consequent extinction (Smith et al., 2016a, 2016b), reduced seed 

dispersal (Waibel et al., 2013) and reduction in the flow of large scale nutrient cycles 

(Johnson, 2009; Lorimer et al., 2015). 

 

This argument, however, has received intense criticism, mostly concentrated in the 

temporal scale of ecological events, adaptive and evolutionary species and interactions 

from the Pleistocene to the present. The role of history in ecology has been extensively 

debated (Carvalho et al., 2016; Fagundes et al., 2013; Tanner et al., 1996; Lira-Noriega et 

al., 2015; Paz et al., 2015; Prosser et al., 2007) but has been reinforced in the context of 

restoration ecology (Higgs et al., 2014). 

 

Even with the existence of potential areas for rewilding with elephants in some parts of the 

World, successful reintroduction of the species should consider the ecological and 

evolutionary response of other species in these areas, as to ensure species persistence. 

For example, several species that where known to be consumed by the Pleistocene 

megafauna have developed specific measures to protect themselves such as woody shell, 

hard leaves and thorns (Charles-Dominique et al., 2016; Monbiot, 2014). Whether 

elephants will be able to cope with these challenges while foraging is unknown (Nogués-

Bravo et al., 2016; Saul and Jeschke, 2015) and more extensive research is necessary 

(Lorimer et al., 2015; Nogués-Bravo et al., 2016; Svenning et al., 2016). 

 

 

 

 

Challenge 4: The need to keep long-term viable population at introduction sites 
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The process of species introduction or re-introductions is associated to the complexity of 

managing distinct populations, especially associated to the foundation and colonization 

processes (Carson and Templeton, 1984). While most concerns associated to the genetic 

consequences of foundation events are relatively well known, in the context of rewilding to 

pre-historic baselines there is a need to consider the complexity of species introduction in 

novel environments and the potential for the establishment of viable populations and avoid 

inbreeding depression (Mistretta, 1994; Barascud et al., 1999; Gaither et al., 2010). For 

example, there is a need to determine how many individuals are necessary to ensure long-

term viable populations at each site and from where should these individuals be collected. 

 

Moving a species away from its native range is a high-risk operation. Owing to this, the 

IUCN has established guidelines for risk assessment that takes into consideration, among 

others, the need to incorporate genetic analysis for species translocations (IUCN/ SSC, 

2013). Despite these guidelines, introduction of elephants into other environments in the 

context of rewilding might fell outside the IUCN boundaries, mainly because African 

elephants at a continental level already experience low genetic diversity due to reduced 

connectivity among populations and in most areas they suffer from low effectives (Brandt 

et al., 2014; Ishida et al., 2012; Comstock et al., 2002; but see Flamingh et al., 2015; 

Ishida et al., 2016). In this case, the complexity of establishing viable elephant population 

in new environments is so complex that may turn rewilding projects ineffective. 

 

 

 

Challenge 5: The ecology of fear and societal capacity and willingness to handle the 

presence of the species 
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Another challenge that can be outlined is the long-term response of species to the habitat 

where they are introduced and the societal implication of mal-adaptations. A study focused 

on the reintroduction of European bison (Bison bonasus) has indicated that there are 

unexpected outcomes as the species as the species has not spread along the Carpathian 

ridge where they were introduced but expanded their range towards human settlements, 

mainly due to the existence of multiple barriers to movement (Ziółkowska et al., 2016).  

 

For the case of wolves (Canis lupus), their re-establishment in Europe has resulted in 

conflicts with existing human communities as a result of livestock depredation, especially 

at times of the year with reduced ungulates due to migration (Imbert et al., 2016). 

Considering that management of elephants in fenced areas has not proven very effective 

(Kioko et al., 2008; Loarie et al., 2009; Okello and D’Amour, 2008; Thouless and Sakwa, 

1995), introduction of elephants in new ecosystem might be a challenge, mainly in the 

proximity of human settlements and agricultural lands. Potential human-elephant conflicts 

might be deleterious to the successful implementation of rewilding projects. 

 

Concerns over the proliferation of exotic dung and associated increase in the number of 

detritus-feeding flies that threaten public health and cattle productivity have been raised 

(Braga et al., 2012). Some examples of these flies include the bush fly (Musca 

vetustissima) and buffalo fly (Haematobia irritants exigua) in Australia and the face fly 

(Musca autumnalis) and the horn fly (Haematobia irritants) in USA (Ridsdill-Smith and 

Edwards, 2011). As indicated, large herbivore dung is in most cases available above the 

consumption of dung beetles and its proliferation attracts flies (Ridsdill-Smith and 

Edwards, 2011). 

 

In addition, it has also been established that niche segregation by dung type is common 
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among dung beetle species (Amézquita and Favila, 2010; Whipple and Hoback, 2012). In 

this sense, there is a need to fully understand the ecology of introducing elephants in new 

ecosystems and how dung beetles will cope with the challenges imposed. The charm of 

the wolf and the wild (Arts et al., 2016) needs to be seriously rethought, encompassing all 

spheres of knowledge on the ecology, evolutionary and functional response and climate 

structure and habitat availability. Moreover, the incorporation of community response and 

the degree of acceptability today and tomorrow may be a key factor to prevent major risks 

are observed in the future, avoiding as such the spectrum of hope and grief in the 

Anthropocene (Head, 2016). 

 

Conclusion	
	
Our results indicate several aspects relevant to the current debate on rewilding the world 

with elephants as a proxy to restore ecological functions lost with mammoths and 

mastodons’ extinction. As such, introductions of the species need not to take into account 

just the climatic suitability, but consider the global sphere of issues associated to the 

reintroduction of species, from human-wildlife conflicts, genetics and the potential effect of 

the species on the trophic cascade of the ecosystem. 

 

However, we agree with the general idea that current rates of extinction need to be 

reversed and that ecologists and biologists do not have the needed time to make 

experiments and wait for results that could enable decision-making towards the choice of 

which species to be introduced and where and that rewilding should be considered the 

new frontier for conservation. Though, careful attention should be taken into consideration 

to avoid recreating the drama faced by the introduction of exotic species. This includes 

introduction of species in small controlled areas, extensive monitoring of species 

adaptability and consideration of the genetic pool represented by each individual. Further, 
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it is important to consider the potential implication of these projects on the communities 

surrounding these projects, their acceptability and willingness to live surrounded by large 

animals. 

 

As such, we suggest that consideration on whether to introduce or not species that can 

restore lost ecological functions and generate a top-down trophic cascade should be 

based on an extensive ecological knowledge and on a decision-making process that 

balances conservation and societal needs. 
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EPILOGUE.	It	takes	more	than	banning	ivory	trade	
 

Daniel Zacarias1,2,3,4 & Rafael Loyola 3,Ô 

Abstract	
 
African elephants are considered keystone and flagship species due to their role in 
ecosystem engineering and attraction of visitors. Nevertheless, they face extinction risk as 
a result of the growing demand for ivory products, especially in Asia, and habitat 
degradation due to anthropogenic activities. Recently, the international community has 
agreed to ban commercial exploitation of ivory products, raising considerable hope to the 
persistence of elephants. However, the simple ban of ivory products is not enough and 
several other mechanisms need to be addressed. Here, we argue that although the 
“global” ban on ivory products is a promise towards the persistence of African elephants in 
a precautionary and casuistic approach, the long-term survival and persistence of 
elephants is dependent of other internal measures that include (i) the resolution to officially 
split African elephants into two species, (ii) the need of using biological criteria to manage 
elephant populations, (iii) the incorporation of community-based ecotourism with locally 
shared benefits, (iv) appropriate land-use/cover management to ensure connectivity 
between protected areas and suitable habitats for elephants, (v) the uplift of all elephants 
to Appendix I of the CITES and (vi) harmonization of all country-specific management 
strategies. Addressing these challenges might ensure long-term persistence of this 
keystone species and directly secure biodiversity conservation across the continent. 
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Introduction	
	
African elephants that once roamed throughout most of the entire continent, are now 

restricted to small and somehow isolated landscapes, most of them with low effective 

numbers, mainly due to habitat encroachment and fragmentation and illegal collection to 

supply the global ivory markets. From an estimated 27 million elephants by early 19th 

century and 1.3 million elephants by 1979 (Barbier et al., 1990), there were 286,234 

elephants in 1995 (Said et al., 1995), 472,269 in 2007 (Blanc et al., 2007) and 415,428 ± 

20,111 in 2016 (Thouless et al., 2016), with some countries registering massive reductions 

of up to 60% in their population only in the last 10 years (Chase et al., 2016). To controvert 

this negative trend, global efforts have been set to target the major cause of elephants 

decline and several countries have agreed to ban the trade of elephant ivory, either by 

closing their domestic markets or by discouraging the importation of elephant remains as 

hunting trophies (Harvey et al., 2017; Yu et al., 2017). 

 

While these measures represent a timely hope for elephants and biodiversity in parallel 

(Yu et al., 2017), numerous challenges still exist that might undermine long-term 

persistence of these species. Among these challenges are the difficulty and resistance in 

separating African elephants into two species as evidenced by recent genetic studies, 

discrepancies in the listing of the species on the CITES list, disharmony in the 

management objectives of the species across range countries, the dramatic reduction of 

the range of elephants due to the intensification of human activities, the persistence of 

clandestine ivory markets and the poor state of conservation of ecological corridors. It is 

also important to consider that this is not the first ban being imposed to ivory trade and 

previous attempts have failed to fully protect African elephants. 

 

Here we argue that the simple banning of ivory trade is not a universally valid solution for 
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the persistence of elephant populations in Africa, and investment is necessary in order to 

ensure connectivity among populations, establishment of more conservation areas mainly 

in transboundary areas that harbor greater elephant abundance, homogenization of 

elephant management objectives between countries, and separation of the African 

elephant into two species. In addition, it is necessary to introduce alternative ways of 

compensating elephant impacts in communities, such as the introduction of community-

based ecotourism projects. 

 

Challenges	and	opportunities	for	the	conservation	of	African	elephants	
	
African elephants are found in 37 countries (Fig.1). Due to their long dispersal capabilities, 

elephants inhabit large portions of habitats that span the political boundaries of countries, 

sometimes roaming in a country and other in another country (Lindsay et al., 2017), thus 

requiring transboundary conservation that can protect their shared habitats (Lindsay et al. 

2017). There are 46 transboundary protected areas in Africa (Lysenko et al., 2007), all but 

one covering cross-border elephant populations, but only 15 covering elephant population 

with more that 100 individuals (Lindsay et al., 2007). Although this is a great opportunity 

for elephants’ dispersal, there is still the need of implementing effective transboundary 

conservation by ensuring that wildlife corridor across these areas are healthy and suitable 

for elephants’ movement. 
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Fig.1. Estimates of elephants and range in Africa. Adapted from Thouless et al., (2016). 

Inset shows the historical range of elephants in Africa (Kingdon, 2001). 

 

Recent reports have indicated that most African wildlife corridors are threatened and 

currently do not fully fulfil their role as dispersal enablers, mainly as a result of strong 

anthropogenic pressures (Kiffner et al., 2016; Jones et al., 2012; Caro et al., 2009). Most 

range countries have experienced severe elephant lost in the last few years, especially in 
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Eastern and Central Africa (Fig. 2a, 2b), at the same time losing great proportions of 

elephant range (Fig. 2c). Considering that human agricultural and population pressures 

are expected to increase over the next decades in and around elephant habitats (UNEP et 

al., 2013), it is imperative to invest in the restoration of ecological corridors and their 

legitimization and monitoring in order to prevent these areas vital to wildlife from being 

irreversibly blocked and avert current figures of severe losses of elephant range (Fig. 2c) 

and improve the extent of elephant range protected (Fig. 2d). 

 

 

Fig.2. Estimates of elephants and range loss/gain per African elephant region. 

 

The most recent estimates indicate that there might be 451,428 ± 20,111 elephants 

(Thouless et al., 2016) of which circa 352,271 are savannah elephants (Chase et al., 

2016) and the remaining are either forest elephants or hybrids. Despite several studies 
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supporting genetic separation in two species (Roca et al., 2001; Rohland et al., 2010; 

Murata et al., 2009; but see Debruyne, 2004), international regulatory institutions (e.g. the 

IUCN) still do not accept this distinction and African elephants are regarded as a single 

species. This can potentially camouflage the conservation status of the species, especially 

of the circa 99,157 forest elephants that have faced massive declines (62% in a decade, at 

the rate of 9% annually) in recent years due to poaching and habitat fragmentation 

(Maisels et al., 2013). Recognition of forest elephants as a separate species would alter its 

conservation status from vulnerable to other more critical status, enabling new 

conservation strategies and long-term persistence (Roca et al., 2001; Rohland et al., 2010; 

Murata et al., 2009; Maisels et al., 2013), especially considering that the central region has 

the highest estimates of elephant loss in Africa (Fig.2a, b). 

 

Analysis of massive ivory seizures indicated the shifting pattern of poaching activities in 

Africa, from central Africa in 2002 to eastern Africa in 2015 (Underwood et al., 2013; 

Wasser et al., 2007; Wasser et al., 2008, Wasser et al., 2014, Wasser et al., 2015), most 

of them with time lags of less that three years (Ceiling et al., 2016). Similarly, and despite 

international ban on ivory trade, reports indicate the existence of illegal domestic ivory 

markets in some African range countries (Christopher et al., 2017) and the emergence of 

new international markets, mainly in Vietnam and Laos (Vigne and Martin, 2017), a shift 

after China agreed to close its domestic market. This is indicative that the demand for ivory 

persists and that despite the ban, ivory is still traded illegally fuelling continued poaching of 

African elephants that accounts for unsustainable 40,000 illegal killings/year (Wittemyer et 

al., 2014, CITES, 2013). Estimates until 2016 demonstrate that overall poaching is still 

above the threshold in the continent, with western and central Africa heavily contributing to 

this trend (Fig. 2b). In addition, most range countries have high level of corruption and 

considerable low enforcement rates that might be permissive to poaching and easy 
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exports of illegally harvested ivory. Investment towards improving governance structures in 

range countries might be a great opportunity to tackle this problem and ensure the 

conservation of elephants in their habitats. 

 

African elephants are currently classified as vulnerable species by the IUCN, with 

variations across regions, being endangered in central Africa and least concern in 

southern Africa. While this might enable regional targeted approaches, the least concern 

classification for southern African elephants can put these species in risk and open 

opportunities for their commercial exploitation. In addition, African elephants are listed in 

two appendices of the Convention on International Trade in Endangered Species of Wild 

Fauna and Flora (CITES), enabling range countries to have different management 

approaches. Of the 37 range countries, 4 have elephants listed in Appendix II and the 

remaining in Appendix I (Botswana, Namibia, Zimbabwe and South Africa). This means 

that elephants have restricted international trade in 31 countries while in 4 they may be 

traded by means of an export permit or re-export certificate. 

 

However, due to their dispersal ability African elephants do not strictly belong to a specific 

country (Lindsay et al., 2017) and several examples of transboundary elephants do exist, 

raising concerns over the effectiveness of different management approaches. As such, the 

establishment of a common understanding of elephant management strategies across 

range countries is a priority and should focus of upgrading all elephant populations to 

Appendix I and the elevation of their status into World Heritage. 

 

Efforts to better manage African elephants are already in place at the continental, regional 

and country level. At the continental level, the African Elephant Action Plan (AEAP) has 

been established by all range countries in view to ensure a secure future for African 
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Elephants and their habitats to realize their full potential as a component of land use for 

the benefit of the human kind, by means of securing and restoring sustainable elephant 

populations in their present and potential range (CITES, 2010), while all regions have 

developed specific guidelines for elephants management (excluding eastern Africa) and 

countries have updated or are in the process of updating their plans. But, as earlier 

mentioned, the simple existence of management and action plans and anti-poaching and 

law enforcement strategies does not guarantee elephants persistence and there is a need 

to support the implementation of these plans through capacity building, conservation-

directed financial support and improvement of the living conditions of people living in or 

around elephant habitats. 

 

With extensive encroachment of elephant habitats and the reduction of available space for 

dispersal and forage, the contact between humans and elephants has resulted in lethal 

consequences in either side. Whilst human-elephant interactions can be a source of 

conflict, it also provides great opportunities for the local communities through appropriately 

managed community-based ecotourism (Zacarias and Loyola, 2017). Elephants have high 

cultural and aesthetic value globally and have been considered a flagship species in 

attracting international visitors to Africa (Naidoo et al., 2016; Brown, 1993) and community-

based ecotourism have become a way of making biodiversity generate benefits for local 

people (Kiss, 2004; Krüger, 2005). But for communities to view ecotourism as a 

compensation for the economic losses from elephants it is necessary that these projects 

attract visitors, generate financial aid and protect the environment (Aylward et al., 1996) is 

such a way that can integrate local people and be based on design policies and practices 

that reduce impacts on elephants (Samia et al., 2017) 
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Conclusion	
	
We have shown that despite the hope provided by the international efforts to ban the 

commercialization of ivory products, there are still challenges and opportunities for the 

conservation of African elephants in their habitats. While the global ban is driving the 

geographic shift of illegal ivory markets and the emergence of domestic markets in African 

range countries, improvement of the governance system in the countries might be the 

optimum base to avert current rates of poaching and habitat fragmentation. In addition, the 

harmonization of elephant management plans by all range countries will enable accurate 

management of the species, targeting species persistence, ecosystem management and 

community development. 
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Conclusão	geral	

A reversão das tendências atuais de extinção de espécies depende da multiplicidade de 

intervenções, seja a nível da espécies, do habitat ou do ecossistema, bem como a 

implementação de diferentes técnicas, desde modelos de distribuição, análises genéticas 

e/ou estudos socioeconômicos. Esta tese buscou agregar boa parte dos conhecimentos e 

técnicas acima apresentadas como forma de identificar o potencial para a garantia da 

persistência a longo prazo de elefantes na África. 

 

Neste sentido, os resultados aqui apresentam apontam para as principais conclusões, 

abaixo descritas: 

 

a) As mudanças climáticas podem ter contribuído positivamente para a expansão de 

áreas climáticas apropriadas para as espécies e que estas poderão prevalecer no 

futuro próximo (em torno de 2080). 

 

b) Os habitats mais importantes para a conservação das espécies estão distribuídos 

nas três regiões da África onde a espécie ocorre, com maior concentração no Sul e 

no Leste e que probabilidade de conectividade não afetou o grau de importância 

dos habitats, o que sugere que a garantia da persistência a longo prazo da espécie 

envolve necessariamente a proteção dos habitats disponíveis, independentemente 

da dimensão espacial. 

 

c) A abundância de elefantes é resultado da interação multi-nível de indicadores, 

maioritariamente influenciada pelo tamanho do habitat e caça furtiva. A governança 

teve um efeito positivo significativo sobre a abundância de elefantes, embora, a 
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nível regional, esse efeito tenha sido positivo na África Central, negativo na África 

Ocidental e não significativo no Sul e no Leste. 

 

d) Existe a necessidade de regionalização das estratégias de conservação das 

espécies de elefante africano, embora uma estratégia global possa contribuir para 

a uniformidade dos principais eixos de ação a longo prazo. 

 

e) Embora existam condições climáticas adequadas para a introdução de elefantes 

como estratégia de recuperação de funções ecológicas perdidas com a extinção 

dos anteriores Proboscidea, esta opção nao é viável, principalmente considerando 

ao debate actual sobre as causas da extinção da megafauna no Pleistoceno, as 

alterações da composição vegetal de plantas C3 para C4, as prováveis interações 

entre as espécies e os novos ambientes, bem como os desafios de manter 

populações geneticamente viáveis a longo prazo. 

 

f) A sobrevivência a longo prazo de elefantes africanos depende não apenas de 

fatores locais, ligados a onde as populações persistem, mas também de fatores 

globais, como o melhoramento dos processos de governança ambiental, redução 

do impacto humano sobre os habitats e garantia da conectividade entre 

populações. 

 

g) Ademais, os resultados reforçam a necessidade de separação oficial de elefantes 

africanos em duas espécies (Loxodonta africana e Loxodonta cyclotis), garantia de 

conectividade dos habitat e harmonização das estratégias e planos de manejo de 

elefantes. 
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