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The world's large terrestrial mammalian carnivores and herbivores (henceforth, megafauna) has been severely
impacted by humans worldwide. Although this impact across the globe is variable, there has been little information quantifying this impact on biodiversity. Here, we use a macroecological modeling approach to
evaluate the impact of diﬀerent human activities on megafauna species richness at global and biogeographical
scales with respect to seven human-altered landscapes variables. At both global and biogeographical scales, we
found that human accessibility, human footprint, and small livestock density, had the most negative eﬀects on
megafauna species richness, whereas large livestock density, wilderness, and natural protected areas, were more
positively associated with megafauna species richness. Our results indicate that megafauna can indeed persist in
human-modiﬁed landscapes, but diﬀerent types of human activity can diﬀerentially inﬂuence species richness.
Thus, although continued human impact such as urban, livestock and agricultural development continues to
represent a threat to most megafauna, their future viability is potentially compatible with several global change
factors we examined. Moreover, our ﬁndings are still consistent with the emphasis on conservation strategies
that focus on habitat protection to maximize the conservation of megafaunal richness. We urge stronger national
and international policy commitments inclusive of multi-use landscapes, greater anti-poaching enforcement, and
the development of wildlife-friendly policy incentives for the managers of private and communal land. We also
advise caution in interpreting our results, and believe local and regional scale population monitoring programs
are still necessary to better facilitate coexistence with humans.

1. Introduction
Populations decline and extirpations of species are increasing exponentially, altering the structure and function of diverse ecosystems
(Ceballos et al., 2015, 2017, 2020). Humans and human development
are the main causes of megafauna range contractions and extinctions in
the past 500 years (Ripple et al., 2016b, 2017; Johnson et al., 2017).
Major threats for these species include legal and illegal persecution,
over-exploitation and illegal trade, habitat loss and fragmentation, loss
of prey base, and diseases (Wittemyer et al., 2014; Ripple et al., 2014,
2015). These threats have caused range contractions and population
declines for many megafauna species at all geographic scales (i.e.,
Laliberte and Ripple, 2004; Ripple et al., 2014, 2015; Wolf and Ripple,

2017, Ceballos et al., 2017). For example, around 60% of large mammalian carnivores and herbivores (henceforth, “megafauna” species)
are classiﬁed as threatened with extinction on the International Union
for the Conservation of Nature (IUCN) Red List (Ripple et al., 2016b,
2017). Tigers (Panthera tigris) and lions (Panthera leo) have both already
experienced range contractions of > 90% of their historical range, and
completely intact carnivore guilds occupy only 34% of their recent
historical distribution on the planet (Wolf and Ripple, 2017). Poaching
rates have dramatically increased in African elephants or rhinos
(Wittemyer et al., 2014; Emslie et al., 2016; Thouless et al., 2016).
Between 2010 and 2012 alone, an estimated 100,000 African elephants
(Loxodonta africana) have been poached in Africa (Wittemyer et al.,
2014; Thouless et al., 2016).
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species (i.e., otters) from analyses, as well as distribution data not
mapped by the IUCN (i.e., Canis dingo).
As a result, our analysis focuses exclusively on 99 of the world's
large terrestrial mammalian fauna (72 herbivores and 27 carnivores;
Ripple et al., 2014, 2015) (Appendixes S4 and S5). We used ARCGIS
10.1 to extract presences-absences of all species, as well as by group of
species (i.e., large herbivores vs. large carnivores). We used a Behrmann
equal-area global grid comprised of two diﬀerent spatial resolutions
(50 km × 50 km and 100 km × 100 km, which represent approximately 0.5° and 1° at the equator and constituted the diﬀerent grain
sizes in our study). After excluding grid cells containing less than 50%
of continental surface and where species richness was zero, we analyzed
a total of 59,740 and 14,615 cells for each grain size at a global scale.
We then integrated six traditional zoogeographical categories (i.e.,
Afrotropic, Nearctic, Neotropics, Oriental and Palearctic regions) which
have been commonly used in previous macroecological studies (i.e.,
Cox, 2001; Torres-Romero and Olalla-Tárraga, 2015; Torres-Romero
et al., 2017; Chapa-Vargas et al., 2019). In addition, the distribution
maps we used have also been widely used in macroecological and
biogeographical studies (see i.e., Torres-Romero and Olalla-Tárraga,
2015; Ceballos et al., 2017, 2020; Wolf and Ripple, 2017; Chapa-Vargas
et al., 2019). Although of limited practical utility at ﬁner scales, spatial
resolutions of 50 × 50 km and 100 × 100 km are suﬃcient enough to
capture details about variation in diversity, yet coarse enough to not
compromise the reliability of derived biodiversity metrics (Hurlbert and
Jetz, 2007; Hortal, 2008). Thus we have incorporated both grain sizes
to provide for wide geographical coverage and a cleaner description of
large-scale biodiversity gradients and their determinants.

Large mammalian carnivores (≥15 kg, n = 27) and large mammalian herbivores (≥100 kg, n = 72) have broad charismatic appeal
and a higher than average visibility proﬁle among the general public
(Ripple et al., 2014, 2015; Wolf and Ripple, 2017; Courchamp et al.,
2018). These species frequently facilitate a strong eﬀect on the structure and function of diverse ecosystems, and/or imbue some local
cultural signiﬁcance (Ripple et al., 2014, 2015; Wolf and Ripple, 2018;
Forbes et al., 2019; Lamperty et al., 2020). However, given current
projections of human population increase and the rate of reduction of
natural and wilderness areas worldwide (i.e., 10% of the world's
wilderness has been destroyed in two decades) (Watson et al., 2016),
the long-term viability of many megafauna species depends on their
capacity to persist in human-modiﬁed landscapes across the globe
(Chapron et al., 2014; López-Bao et al., 2017). The implementation of
conservation actions to facilitate megafauna persistence at the landscape scale, prevent future fragmentation and loss of core megafauna
habitats, and mitigate human-megafauna conﬂicts, will be of paramount importance to ensure a future landscapes of coexistence in the
21st century.
Human population and impacts are not evenly distributed across the
planet. Estimates of population growth indicate Asia will continue to be
one of the most populated continents through the middle of the 21st
century, and that Asian countries will be eclipsed by African countries
at the end of the century (i.e., projections are from one billion at present, to between 3.1 and 5.7 billion by the end of the century) (Gerland
et al., 2014). By then, human population trajectories in Europe and
America are expected have stabilized or even begun declining (Gerland
et al., 2014). Averting megafaunal collapse because of these expected
global population changes remains one of the biggest conservation
challenges this century (Ceballos et al., 2017, 2020; Ripple et al., 2017).
Because human pressures diﬀer across continents (i.e., diﬀerential
bushmeat consumption or landscape transformation patterns across
continents), identiﬁcation of how anthropogenic pressures impacts
megafauna species richness diversity across large scale spatial gradients, and under diﬀerent spatial contexts, might yield additional insights into how to better plan for regional, continental and global
conservation policies (Brashares et al., 2004; Nielsen et al., 2017).
Here, we disentangle the various impacts of diﬀerent anthropogenic
pressures on megafaunal mammal species richness across large scale
spatial gradients. We speciﬁcally assessed how human-altered landscapes shape the latitudinal patterns of the selected megafauna species
richness in the world, and analyzed whether these factors diﬀered between diﬀerent biogeographical regions. A detailed analysis of the
magnitude of human activities on spatial patterns in species richness is
relevant for megafauna conservation in order to promote landscapes of
coexistence, and ensure greater possibilities of survival or extinction of
megafauna species across the globe.

2.2. Human-altered landscapes variables
We examined the relationship between megafauna richness and
diﬀerent proxies of human pressure. For this purpose, we considered
seven variables relating to modern human impacts to elucidate how
human activities aﬀect species richness gradients for megafauna across
the globe. Human-altered landscapes variables were selected on the
basis of their importance for deﬁning the distribution of biodiversity,
including human-megafauna conﬂicts, and population declines and extirpations, as found in previous macroecological studies (see i.e.,
Yackulic et al., 2011; Watson et al., 2014, 2016; Ripple, 2014, 2015,
2016, 2017; Torres-Romero and Olalla-Tárraga, 2015; Venter et al.,
2016, Ceballos et al., 2015, 2017, 2020; Di Marco et al., 2019). All
variables were recalculated for a spatial grid of 0.5 and 1°.
The predictors included in the study (i.e., human footprint, human
accessibility, human population density and livestock density) may
represent factors driving the current magnitude of the sixth mass species extinction, whereas human-altered landscapes (i.e., wilderness and
natural protected areas) may play a leading role in mitigating the global
biodiversity crisis. We obtained seven predictors (Fig. 1) described in
detail below: (1) “Human footprint” (HFP), which integrates global
records of the cumulative human pressure on the environment, at a
spatial resolution of ~1 km. The HFP metric is considered the most
complete variable and incorporates most pressures, including human
population, roads, nightlights, human land use, croplands, pastoral
lands, roads, railways and electrical power support infrastructure
(Venter et al., 2016); (2) “human accessibility” (HA) at approximately
one-kilometer spatial resolution, a measure of travel time in hours via
land or sea routes, which represents how accessible or isolated are
diﬀerent parts of the world (Nelson, 2008); and (3) “human population
density” (HPD), which models the density of the human population
(counts and densities) to provide globally consistent and spatially explicit data on the number of persons across the globe (output resolution = 30 arc-seconds, but approximately 1 km at the equator) (CIESIN
and CIAT, 2005). We also used global data sets of livestock to reﬂect the
most recently compiled and harmonized geographic distribution of livestock for 2007, and at a spatial resolution of 3 min of arc (about

2. Methods
2.1. Species distribution data
We assembled data on the geographical range of terrestrial megafaunal mammal species from the IUCN Red List (http://www.
iucnredlist.org, accessed March 2019), and then classiﬁed them
within one of the nine categories (i.e., Not Evaluated, Data Deﬁcient,
Least Concern, Near Threatened, Vulnerable, Endangered, Critically
Endangered, Extinct in the Wild and Extinct) of the IUCN Red List
(IUCN, 2019). We also compiled information on IUCN Red List species'
population trend and trade type of these species from the CITES list,
IUCN Red List (IUCN, 2019) and Scheﬀers et al., 2019. We then used
species list reported by previous studies (see i.e., Ripple et al., 2014,
2015 for a detailed description of species classiﬁcation) to classiﬁed
them into two categories: large mammalian carnivores (≥15 kg,
n = 27) and large mammalian herbivores (≥100 kg, n = 72). We
excluded introduced, extinct in wild (EW), extinct (EX) and marine
2
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Fig. 1. Graphical summary of predictions related to human-altered landscape variables inﬂuencing megafauna species richness across the globe: Abbreviations: HFP
(human footprint), HPD (human population density), HA (human accessibility), SL (small livestock), LL (large livestock), WA (wilderness areas) and NPAs (natural
protected areas).

areas to protect large-scale ecological processes, as well as promote
education and recreation. These three categories are usually unmodiﬁed and/or strict protected areas to safeguard biodiversity, free
from either permanent or signiﬁcant human habitation and/or development in order to more eﬀectively protect large-scale ecological processes (UNEP–WCMC, 2019). We chose these seven variables because
they are related with the sixth mass extinction episode, including
human population growth, illegal hunting activity, unmitigated habitat
loss, greater access to wildlands due to road development, access to
markets, livestock production intensity and expansion, the rising demand for wild meat, and ﬁnally, the projected growth in the future of
many of these factors, which will only accelerate extinction.

5 × 5 km at the equator) (Robinson et al., 2014). We did this because
livestock is considered a primary driver of conﬂict between humans and
megafauna and, a contributing factor in the decline and extinction of
megafaunal populations (Ripple et al., 2014, 2015, 2016a). We integrated livestock layers based on (4) “Large Livestock” (LL) (i.e., domestic cattle) and (5) “Small Livestock” (SL) (i.e., sheep, goats, pigs and
chickens), and then categorized large and small livestock based on body
size from PanTHERIA database (Jones et al., 2009) to estimate biomass
density. This layer provided us a measure of those regions under greater
production across the globe. We also included a new variable (6)
“Wilderness Areas” (WA), given that certain landscapes can serve as
potential refuges or “safe places” for megafaunal species. This last layer
is relevant at diﬀerent spatial levels, and identiﬁes those pristine areas
where natural ecological and biological processes operate with minimal
anthropogenic pressures and disturbance, i.e., large landscape transformation and degradation, industrial activity, or infrastructure development, is noticeably absent (Watson et al., 2016). Our spatial layer
diﬀers from “Ib-Wilderness Area-IUCN” because it incorporates the
change in spatial extent since the early 1990s (Watson et al., 2016).
Finally, we integrated the variable (7) “Natural Protected Areas” (NPA),
which consists of areas previously-designated by the International
Union for Conservation of Nature (IUCN) using one of three categories:
a) Ia-Strict Nature Reserve: areas strictly designed to protect ecosystems
and biodiversity; b) Ib-Wilderness Area: slightly modiﬁed areas by
human activity to protect the long-term ecological integrity and preserve their natural condition; and c) II-National Park: large natural

2.3. Statistical analyses
We ﬁrst used Pearson product-moment correlations (PPMC) to explore potential associations among response and predictor variables. To
control for spatial autocorrelation, we used a modiﬁed t-tests (Dutilleul,
1993) to calculate the unbiased estimates of signiﬁcance for each correlation coeﬃcient (Appendix S1). We then investigated relationships
between predictor variables and megafauna species richness through
the use of non-spatial ordinary least squares (OLS) models. To identify
potential multicollinearity in our analyses, we calculated variance inﬂation factors (VIFs), where VIFs of < 10 are generally indicative of
only inconsequential collinearity (Hair, 2014). We then generated
multiple alternative competing models with diﬀerent combinations of
3
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facing dramatic population declines and range contractions (Appendixes S4 and S5). We also found that ~98% of large herbivores and
~92% of large carnivores are at risk of being traded globally (i.e., pet/
live trade, subsistence or commercial bushmeat, clothing, Asian medicine market, hunting trophies, circuses, private and/or unethical zoological gardens, etc.) (Appendixes S4 and S5).
Based on our standardized regression coeﬃcients, at global scale we
found that for all megafauna species (combined) and large herbivores
(alone), human accessibility (HA) and natural protected areas (NPAs) were
the most important explanatory factors behind megafauna species
richness patterns, most impacting them negatively and positively, respectively. For large carnivore species richness, both human footprint
(HFP) and human accessibility (HA) were the most important factors
negatively inﬂuencing these patterns, i.e., large carnivore richness was
inversely related to HFP and HA (Table 1).
Within the Western Palearctic region, human accessibility (HA) and
human footprint (HFP) were negatively associated with explaining species richness patterns for the three group of taxa examined: megafauna,
large herbivores and large carnivores. Small livestock expanse was inversely related to species richness patterns for all three groups of
megafauna species combined, and for large carnivores alone; however
there was a positive relationship between natural protected areas (NPAs)
and large herbivore richness (Table 1).
In the Eastern Palearctic, natural protected areas (NPAs) were of similar primary importance in positively inﬂuencing the three categories
of megafauna species richness; this was followed by the extent of
wilderness areas (WA), which in the case of combined megafauna and
large carnivores alone, were signiﬁcantly positive. In contrast, human
footprint (HFP) was identiﬁed as of secondary importance, the eﬀect of
which was inversely related to large herbivores richness (Table 1).
In the Afrotropic region, the existence of natural protected areas
(NPAs) was the most important variable directly explaining the richness
patterns for all three categories: megafauna combined, large carnivores
alone, and large herbivores alone. Human accessibility (HA) was identiﬁed as of secondary importance and was inversely related to species
richness patterns for all megafauna combined, and large herbivores

relevant predictor variables using OLS, and characterized their relative
model support using the Akaike's information criterion (AIC) and
Akaike diﬀerences (ΔAIC). As a rule of thumb, we selected the best ﬁt
models using a competitive multi-model inference framework
(ΔAIC ≤ 2) (Burnham and Anderson, 2002). We also obtained Akaike
weighting factors (wi) to evaluate strength of evidence and relative
support for each model, and calculated coeﬃcients of determination
(R2) to evaluate their overall explanatory power. Using standardized
regression coeﬃcients, we assessed the relative importance of each
predictor in regression models. Finally, to thoroughly investigate the
potential simultaneous eﬀects of predictors, we compared standardized
regression coeﬃcients between OLS models and simultaneous autoregressive SAR models to explore for possible shifts in model ranking or
support (Bini et al., 2009). This is important because OLS spatial autocorrelation can otherwise result in serious type I error problems
(Legendre and Legendre, 1998). The use of SAR models reduces spatial
autocorrelation under a variety of spatial pattern scenarios (Kissling
and Carl, 2008) and thus, allows us to control for these eﬀects. Due to
computational limitations, we conducted SAR modeling separately only
for spatial resolutions of 100 km × 100 km for each biogeographical
region, and not on a global scale. Given that our best OLS and SAR
models produced qualitatively similar results across the two grain sizes
(Table 1 and Appendix S2) and resulted in consistent signs or rankings
of standardized regression coeﬃcients for each predictor we obtained,
hereafter we refer to those results obtained for OLS models based on a
spatial resolution of 50 km × 50 km. All statistical analyses described
here were conducted in R 3.4.0 (R Development Core Team, 2012), and
“Spatial Analysis in Macroecology”(SAM v4.0, software: Rangel et al.,
2010).

3. Results
We found the highest megafaunal richness in the Afrotropic,
Oriental and Eastern Palearctic regions, with relatively lower richness
in the Nearctic, Neotropical, and Western Palearctic regions (Fig. 2).
Approximately 62% of large mammalian carnivores and herbivores are

Table 1
Multiple-regression models explaining spatial patterns of megafauna species richness, including groups of large herbivore and carnivore species at the global scale
and biogeographical realm. Standardized regression coeﬃcients of the seven predictors are provided by non-spatial ordinary least-squares (OLS) and were used to
show the best variable selection. We report OLS models ranked from best to worst ﬁts (i.e. according to increasing AIC) and selected only the best models (i.e.,
ΔAIC = 0). Coeﬃcients of determination (R2) and Akaike weights (wi) for each predictor in the models are also given for informative purposes but were not used for
model selection. Results reported here are at a grain size of 50 km × 50 km (see Appendix S2 for model outputs at a spatial resolution of 100 km × 100 km). In each
case, the variance inﬂation factors (VIFs) are less than 2. Abbreviations as in Fig. 1.
Region

Global

Afrotropic

Nearctic

Neotropic

Oriental

Western Palearctic

Eastern Palearctic

Groups

Large carnivores
Large herbivores
All species
Large carnivores
Large herbivores
All species
Large carnivores
Large herbivores
All species
Large carnivores
Large herbivores
All species
Large carnivores
Large herbivores
All species
Large carnivores
Large herbivores
All species
Large carnivores
Large herbivores
All species

Model #

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Predictor in model (standardized regression coeﬃcients)

AIC

HFP

HPD

HA

SL

LL

WA

NPAs

−0.141
−0.031
−0.081

−0.011
−0.021
−0.021
−0.061
−0.036
−0.047
0.104
0.094
0.109
0.026

−0.121
−0.131
−0.141

−0.031
−0.061
−0.051
−0.088
−0.096
−0.092

0.068
0.044
0.062
0.125
0.044
0.071
−0.055
−0.088
−0.077
0.312
0.331
0.369
0.166
0.133
0.178
−0.031
0.071

0.085
−0.021
0.021
0.077
0.058
0.069
0.244
0.196
0.245
0.052
0.088
0.081
−0.079
0.082

0.055
0.128
0.117
0.238
0.255
0.272

−0.375
−0.386
−0.424
−0.131
−0.222
−0.185
−0.326
0.061
−0.199
−0.272
−0.129
−0.135
0.059
−0.166
−0.062

−0.072
−0.112
−0.101
−0.071
−0.034
−0.089
−0.051

−0.118
−0.102
−0.347
−0.277
−0.351
0.045
−0.028
0.007
0.042
0.156
0.095
−0.361
−0.263
−0.402
0.094
0.011
0.062

−0.073
−0.261
−0.165
−0.179
0.062
−0.093
−0.033
−0.011
−0.026
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0.027
−0.025

0.072
0.032
0.105
0.113
0.141

0.057
0.067
0.133
0.176
0.145
0.033
0.109
0.081
0.128
0.184
0.169

ΔAIC

Wi

R2
OLS

18,927.269
24,804.146
28,636.752
26,766.02
41,119.706
44,569.073
31,818.971
31,100.621
46,385.765
13,541.371
11,741.831
19,841.529
14,999.595
11,835.759
17,747.417
29,384.347
21,577.845
36,296.336
51,497.688
49,917.551
68,887.169

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.961
1
1
0.378
0.619
0.722
0.329
0.492
0.469
0.366
0.256
0.119
0.815
0.936
0.647
0.475
1
0.523
0.937
0.323
0.681

0.036
0.022
0.029
0.091
0.088
0.101
0.259
0.217
0.295
0.079
0.101
0.115
0.155
0.181
0.169
0.146
0.147
0.133
0.046
0.101
0.091

5

NT

No data

Natural protected areas

Human accessibility

AT

WP

Human footprint &
Small livestock

OR

EP

Fig. 2. Richness patterns of megafauna species at the global scale obtained by overlaying species ranges from International Union for the Conservation of Nature (IUCN, 2019) on a 1° × 1° grid cell system. Abbreviations
are: Nearctic (NA), Neotropic (NT), Western Palearctic (WP), Eastern Palearctic (EP), Oriental (OR), and Afrotropic (AT). We report only the best predictor in the model for the three groups of megafauna species
considered: combined megafauna, large herbivores and large carnivores (see Table 1 for details on the best predictor for each region). Red arrows represent negative eﬀects and green arrows positive eﬀects (all pictures
shown have been downloaded from free public domain via Pixabay, https://pixabay.com/es/). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Large livestock

Human footprint

NA

Natural protected areas
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(Bubalus mindorensis, > 99%), Bactrian Camel (Camelus ferus, ~75%),
Sumatran Rhinoceros (Dicerorhinus sumatrensis, > 99%), African Wild
Ass (Equus africanus, approximately 72%) and Przewalski's Horse
(Equus ferus, > 99%) have also suﬀered steep population declines,
losing more than half of their historic ranges (Ripple et al., 2015;
Ceballos et al., 2020). These results are consistent with our ﬁndings,
including 45 of the 72 large herbivores (62%), and 17 of the 27 large
carnivores (62%), that are threatened with extinction (i.e., IUCN Red
List Status: VU = Vulnerable, EN = Endangered, CR = Critically Endangered). In addition, 43 of the 72 (60%) large herbivore species we
evaluated, and 19 of the 27 (70%) large carnivores species, are experiencing high levels of population decline or loss. This is particularly
evident in the Oriental, Afrotropic and Eastern Palearctic regions (Appendixes S4 and S5).
To date, billions of hectares of forest have already been cleared to
accommodate some form of human development (i.e., infrastructure
including roads, monocultures, livestock grazing systems and urban
expansion) (Mascia and Pailler, 2011; Mascia et al., 2014). Despite the
widespread pervasiveness of threats however, some megafauna species
across the diﬀerent regions we explored, including North America,
South America, Europe, Asia, and Africa, have demonstrated some at
least some ability to occur and persist in agricultural and urbanizing
landscapes, including: Puma (Puma concolor), American black bear
(Ursus americanus), Tiger (Panthera tigris), Wolf (Canis lupus), Cheetah
(Acinonyx jubatus), African lion (Panthera leo) and Jaguar (Panthera
onca) (Athreya et al., 2013; Chapron et al., 2014; Carter and Linnell,
2016; Boron et al., 2016). Landscapes facilitating human–megafauna
coexistence, however, can vary greatly within each biogeographical
region. For example, species more vulnerable to human development
include the Black Rhinoceros (Diceros bicornis), Eastern Gorilla (Gorilla
beringei), Western Gorilla (Gorilla gorilla), Mountain Tapir (Tapirus
pinchaque) and Javan Rhinoceros (Rhinoceros sondaicus), all of which
have been experiencing dramatic population declines and range contractions (Ripple et al., 2015). If land conversion and development
continues to expand and intensify, isolating and compromising the effectiveness of the world's protected and wilderness areas (Watson et al.,
2014, 2016; Di Marco et al., 2019), this will lead to decreased species
richness and reduced population densities in many parts of the world. It
is important therefore to more broadly understand the capacities of all
the species included in this analysis, to withstand the impacts of human
development and persist in human-dominated landscapes.
Our study shows that for all categories of megafauna in the
Afrotropic region, as well as for large herbivores alone in the Oriental
region, the presence of natural protected areas had a positive association
in explaining regional species richness patterns. Protected area networks across Africa and the Indian subcontinent in particular, have
likely had a profound positive impact on the conservation of these
species. In Africa and India however, protected areas only comprise
16% and 5% of the total land area, respectively (Chape et al., 2005;
Newmark, 2008; Athreya et al., 2013). Interestingly, we ﬁnd that these
biogeographical regions are also home to a high number of threatened
large megafaunal species. Africa for instance is home to 15 of these
large herbivore species and 5 large carnivores, whereas Asia is home to
21 large herbivores and 12 large carnivore species. The importance of
protected areas is well illustrated by the sharp contrast in land uses just
outside their boundaries, where the negative eﬀect of human activities
on the landscape (Ripple et al., 2016a, 2019) contributes to the explanation of our broadscale megafauna richness patterns. Recent
human-driven geographic range contractions for key species in Southeast Asia and Africa (Yackulic et al., 2011; Athreya et al., 2013;
Wittemyer et al., 2014) have also undoubtedly played a role in shaping
these patterns.
Within the Afrotropic and Oriental regions, species such as cheetah
(Acinonyx jubatus), African lion (Panthera leo), spotted hyena (Crocuta
crocuta), tiger (Panthera tigris), snow leopard (Panthera uncia) leopard
(Panthera pardus), giraﬀe (Giraﬀa camelopardalis), okapi (Okapia

separately. We also found that the biomass density of large livestock (LL)
was positively associated with large carnivore richness patterns
(Table 1).
Across the Neotropical region, the biomass density of large livestock
(LL) was important in positively predicting richness patterns for each
megafaunal group, whereas human footprint (HFP) was of secondary
importance in negatively impacting species richness for all megafauna
categories. Interestingly, we also found that while wilderness (WA) and
natural protected areas (NPAs) also contributed to explaining higher
megafauna richness for all three categories, they did so to a lesser extent than livestock (Table 1), indicating the importance of humanmodiﬁed agricultural landscapes across the whole region.
In the Nearctic region, human footprint emerged (HFP) as the single
strongest negative predictor of species richness for all three megafauna
categories. Human accessibility (HA) was next in importance with negative eﬀects in explaining species richness for all three groups,
whereas wilderness areas were positively associated with higher relative
richness patterns for all three megafauna categories (Table 1).
Finally, across the Oriental region, human footprint (HFP) and large
livestock (LL) were the most important negative and positive factors
respectively, inﬂuencing variation in species richness patterns both for
combined megafauna, and for large carnivores alone. In contrast, small
livestock (SL) and natural protected areas (NPAs) were the most important negative and positive factors respectively explaining large
herbivore species richness patterns (Table 1).
Based on coeﬃcients of determination (R2), our models explained
2–3% of the variance at the global scale, and then diﬀered by region:
8–10% for the Afrotropics, 21–29% for the Nearctic, 7–11% for the
Neotropics, 15–18% for the Oriental, 13–15% for the Western
Palearctic, and 4–10% for the Eastern Palearctic; all our best models
received relatively strong support as shown by our wi values (Table 1).
The inclusion of SAR models in a global grid of 100 km × 100 km had
no eﬀect on the sign or ranking of standardized regression coeﬃcients
obtained using non-spatial OLS models at a grain size of
50 km × 50 km. Furthermore, they yielded quantitatively similar results for the relative importance of each predictor (Appendix S3 in
Supporting information).
4. Discussion
Our analyses provide new insights into the various ways that humans impact on megafauna species worldwide. Our overall results
suggest that those regions experiencing high rates of habitat loss and
fragmentation, as inferred measurements of human footprint and/or
human accessibility that accounts for infrastructure development,
agriculture, roads building, and access to vehicles, etc., very often suﬀer
from lower megafauna species richness patterns. On the other hand, the
presence and proximity of core areas and refuges (i.e., wilderness and
natural protected areas) was not surprisingly positively associated with
higher megafauna richness. It has been reported that core protected
areas (NPAs) for example may buﬀer animal populations against the
impact of human pressure by providing more essential resources, including food, cover options for hiding/escape, and suitable resting and
breeding locations (Yackulic et al., 2011; Chapron et al., 2014; Watson
et al., 2014, 2016). Although many protected areas are experiencing a
huge reduction in their historic expanse due to human activity, these
areas are fundamental to ensuring the long-term persistence of many
wildlife populations (Watson et al., 2014, 2016; Samia et al., 2015; Di
Marco et al., 2019).
The world's terrestrial megafauna have also experienced some of the
greatest range contractions recorded in recent history. For example, the
red wolf (Canis rufus, > 99%) and Ethiopian wolf (Canis simensis,
~99%), tiger (Panthera tigris) (95%) and lion (Panthera leo) (94%) (Wolf
and Ripple, 2017) are among the carnivores whose ranges have eroded
the most. Similarly, large herbivores including the European Bison
(Bison bonasus, > 99%), Kouprey (Bos sauveli, ~70%), Tamaraw
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(Appendixes S4 and S5).
Across Latin America, natural protected areas are comparatively
fewer in number relative to the land mass. Natural Protected Areas are
generally considered crucial to the conservation of large mammals,
many of which require vast ranges and territories and thus must move
outside of protected areas (Carter and Linnell, 2016). Yet we found a
substantially lower positive association between all groups of megafauna, and natural protected areas. Interestingly, our spatial models
detected a positive association between megafauna richness and large
livestock for the Neotropical and Oriental regions, despite a signiﬁcant
negative impact of human footprint for both biogeographical regions.
This ﬁnding however is congruent with growing evidence of conﬂict
between megafauna and livestock around the world, where this conﬂict
presents a major conservation challenge for the former (Muhly and
Musiani, 2009; Ripple, 2014, 2015, 2016, 2017; Athreya et al., 2016;
Wolf and Ripple, 2017, 2018). Positive association between human-livestock landscapes and megafauna may be due to more intense competition in productive habitats, which host higher quality food sources
for many herbivores (Massé and Côté, 2009); it may also be due to
humans replacing wild ungulates with cattle and therefore, supplementing potential prey for large carnivores and facilitating prey
switching.
Ultimately our study is the ﬁrst to show that human-altered landscapes can be compatible with megafauna richness at the global scale
and that of individual biogeographical regions. Although wilderness and
natural protected areas across the globe are at risk due to urban expansion, relatively high megafauna richness persists across diﬀerent regions for diﬀerent reasons, and some beneﬁt from anthropogenic resources (i.e., livestock, crops from agricultural ﬁelds, stored food
sources) when the means to retaliate are minimal (Muhly and Musiani,
2009; Massé and Côté, 2009; Athreya et al., 2016; Sukumar, 2017).
Still, our ﬁndings provide for a unique understanding of recent geographical distribution patterns of megafauna richness across the global
anthrome. Though the intersection of human accessibility, human
footprint and small livestock density all had negative eﬀects on megafauna species richness, beyond the local and regional challenges of
global human–megafauna conﬂict which remain looming conservation
threats, large mammals continue to persist alongside human communities. Moreover, while the importance of wilderness and natural protected areas is not surprising, the emergence of the large livestock density
layer as a predictor of megafauna species richness, is interesting.
Finally, we underscore the need to grant oﬃcial protection to more
geographical areas. As have studies before ours, we emphatically reiterate the importance of existing Natural Protected Areas, wilderness
areas, and habitat connectivity to the importance of megafauna, and
scales large enough to account for ecosystem processes relevant to
megafauna, and their part in ecosystem functioning. We do suggest
however that even areas subjected to extensive transformation and
impact as a consequence of livestock ranching, agriculture, and general
proximity to signiﬁcant human populations, may hold important value
for the persistence of large mammal populations in the 21st century,
particularly if coexistence frameworks are adopted or implemented
(López-Bao et al., 2017). New laws and policies in this regard should
also be part of the solution, as should holistic strategies integrating the
management of landscape mosaics that include both protected and
unprotected areas, and the communities that depend on both. We believe that such considerations and approaches are in fact critical to the
long-term survival of megafauna.

johnstoni), Grevy's zebra (Equus grevyi), plains zebra (Equus quagga) and
mountain zebra (Equus zebra) consistently occur inside and outside of
protected areas, demonstrating an ability to share the landscape with
humans on a large scale (Lindenmayer, 2008; Redpath, 2012; Ripple
et al., 2015; Carter and Linnell, 2016). Accordingly, strategies that both
integrate protected areas into larger human-dominated regions, as well
as those proposing separations or divisions, have both been used with
mixed success. In Asia and parts of Africa for example, “traditional”
models or strategies of coexistence include those where wildlife can
freely move across the boundaries of protected areas, but are subject to
varying anthropogenic factors both inside and out (i.e., habitat degradation and loss, conﬂict over livestock, greater exposure to hunting,
poaching). Alternative models, including reserves that are physically
separated from the outside using fences such as in Africa, have also met
with some successes in facilitating coexistence (Hayward and Kerley,
2009; Athreya et al., 2013; Pekor et al., 2019); however, these can
impede or interfere with natural population dynamics, including longrange movements, gene ﬂow and dispersal. Regardless of which approach is utilized, it is clear there are still major shortcomings in the
political will to commit more resources to manage, secure, and enhance
the coverage and eﬀectiveness of protected areas worldwide (Watson
et al., 2014, 2016, Di Marco et al., 2019), and connect them, to eﬀectively increase long-term opportunities for successful megafauna conservation across the globe.
In contrast, in the Nearctic region, our results show a strong negative impact of human footprint and human accessibility on species richness for all megafauna combined, as well as for both large carnivores
and herbivores separately. Historical patterns of land use and change in
the Nearctic region have driven intense habitat loss, increased competition between humans and predators, and long-term persecution of
many megafauna species; not surprisingly, human activity in the
Nearctic region is a major factor inﬂuencing megafauna geographic
range (Yackulic et al., 2011). For example, red wolf (Canis rufus) and
polar bear (Ursus maritimus) are threatened with extinction (Appendixes
S4 and S5). Indeed, other species such as American Bison (Bison bison),
brown bear (Ursus arctos), reindeer (Rangifer tarandus) and muskox
(Ovibos moschatus), have all lost substantial portions of their historical
range (20–99%) (Laliberte and Ripple, 2004; Ripple et al., 2014, 2015;
Wolf and Ripple, 2017).
In the Eastern Palearctic, we found that both natural protected areas
and wilderness areas were most important in explaining positive richness
patterns for all the groups of megafauna we considered. This is consistent with the idea that the creation of more protected areas could
have a disproportionately greater positive impact on maintaining
megafaunal communities, even outside of protected areas, and ultimately boost strategies for successful coexistence in these landscapes
(Woodroﬀe et al., 2005; Dickman et al., 2011; Athreya et al., 2013).
Despite the important role protected areas play in explaining megafauna species richness, we note that some species are experiencing
conservation challenges, including population declines, including the
clouded leopard (Neofelis nebulosa), leopard (Panthera pardus), Asiatic
black bear (Ursus thibetanus), sambar (Rusa unicolor) and takin (Budorcas taxicolor) (Appendixes S4 and S5).
In the Western Palearctic, human impacts from roads, nightlights,
electrical power support infrastructure, human population growth,
overharvesting, and land use change, all had negative eﬀects on species
richness patterns. In some parts of Europe, land abandonment and/or
conservation policies have facilitated the return of some megafauna
species: i.e., brown bear (Ursus arctos) and wolf (Canis lupus) (Chapron
et al., 2014), which illustrates how human–megafauna coexistence in
shared landscapes can contribute positively to global megafauna recovery eﬀorts. Competition for space across this extensive humandominated landscape remains however, the greatest barrier to higher
megafauna diversity across the region (López-Bao et al., 2017). These
challenges are perhaps best illustrated by polar bears (Ursus maritimus),
European bison (Bison bonasus) and reindeer (Rangifer tarandus)
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