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The transition of hominins to a largely meat-based diet ~1.8 million years ago led to the exploitation of
other mammals for food and resources. As hominins, particularly archaic and modern humans, became
increasingly abundant and dispersed across the globe, a temporally and spatially transgressive extinction
of large-bodied mammals followed; the degree of selectivity was unprecedented in the Cenozoic fossil
record. Today, most remaining large-bodied mammal species are conﬁned to Africa, where they coevolved with hominins. Here, using a comprehensive global dataset of mammal distribution, life history and ecology, we examine the consequences of ‘body size downgrading’ of mammals over the late
Quaternary on fundamental macroecological patterns. Speciﬁcally, we examine changes in species diversity, global and continental body size distributions, allometric scaling of geographic range size with
body mass, and the scaling of maximum body size with area. Moreover, we project these patterns toward
a potential future scenario in which all mammals currently listed as vulnerable on the IUCN's Red List are
extirpated. Our analysis demonstrates that anthropogenic impact on earth systems predates the terminal
Pleistocene and has grown as populations increased and humans have become more widespread.
Moreover, owing to the disproportionate inﬂuence on ecosystem structure and function of megafauna,
past and present body size downgrading has reshaped Earth's biosphere. Thus, macroecological studies
based only on modern species yield distorted results, which are not representative of the patterns
present for most of mammal evolution. Our review supports the concept of benchmarking the
‘Anthropocene’ with the earliest activities of Homo sapiens.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
More than any other single species in Earth history, humans
have shaped their environment. The growth and urbanization of
the global human population over time has been fueled by resource
extraction, which in turn has led to intense habitat alteration,
species extinctions, and changes in climate and biogeochemical
cycling (e.g., Vitousek et al., 1997; Decker et al., 2000; Myers and
Knoll, 2001; Thomas et al., 2004; Barnosky, 2008; Burger et al.,
2012; Smith et al., 2010a; Burnside et al., 2012; Braje and
Erlandson, 2013; Dirzo et al., 2014; Boivin et al., 2016; Smith
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et al., 2016a). On average, a modern industrial human metabolizes more than 40 times the amount of energy used by a huntergatherer (Decker et al., 2000); per capita energy consumption in
the USA is now equal to that of a 30,000 kg primate (Moses and
Brown, 2003). Indeed, we are now in an ecological deﬁcit (Burger
et al., 2012), with annual anthropogenic demand for resources far
exceeding what Earth can regenerate each year (https://www.
footprintnetwork.org/our-work/ecological-footprint/). Thus, the
evolution of the genus Homo was a watershed event in Earth
history.
Around ~2 Ma ago, hominins transitioned from a mostly plantbased diet to one more dependent on meat, much of it provisioned from other mammals (Aiello and Wheeler, 1995; Foley,
! n et al., 2014;
2001; Aiello and Wells, 2002; Bunn, 2007; Anto
Zink and Lieberman, 2016). The adoption of ﬁre may have occurred
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as early as half a million years after this dietary change (Wrangham
et al., 1999; Wrangham, 2009; Berna et al., 2012; Gowlett, 2016)
while the more sophisticated and regular use of tools occurred even
earlier (Roebroeks and Villa, 2011; Joordens et al., 2015; Shea, 2017).
The morphology of species such as Homo erectus reﬂected their
more diverse diet and increased consumption of animal products
!n et al.,
(Andrews and Martin, 1991; Milton, 1999; Watts, 2008; Anto
2014); associated physiological traits included a reduction in tooth
and gut size and increased body and brain size (McHenry, 1992;
! n, 2003; Braun et al., 2010). How
Aiello and Wheeler, 1995; Anto
these early hominins obtained animal resources is still in debate
(Domínguez-Rodrigo, 2002; Bunn, 2007), but it was likely through
a combination of hunting and passive or active scavenging (Bunn
et al., 1986; Blumenschine, 1995; Domínguez-Rodrigo and Barba,
! n et al., 2014). Some of the oldest
2006; Luca et al., 2010; Anto
uncontested evidence for these activities comes from Olduvai
Gorge in Tanzania where in situ butchered mammals ranging from
hedgehogs to elephants were found at several sites dating to
~1.8 Ma (Blumenschine and Pobiner, 2006; Domínguez-Rodrigo
et al., 2007; Pante et al., 2017).
Later hominins developed even more successful hunting and
scavenging technologies, allowing them to target large-bodied
prey. The earliest clear evidence of spear points dates from ~500
ka, and more complex projectile weapons were employed by 71 ka
(Brown et al., 2012; Wilkins et al., 2012). Paleolithic cave paintings
depicting bison, horses, mammoth and reindeer, highlight the
importance of these animals to early hunters (Whitley, 2009).
Stable isotope analysis of some Neanderthals, for example, indicates that their bone collagen was heavily enriched in 15N,
indicative of a high degree of carnivory (Fizet et al., 1995; Richards
et al., 2000; Bocherens et al., 2001; Sponheimer et al., 2007, 2013).
Thus, in the late Quaternary, hominins had evolved to become
wide-ranging generalist carnivores that predated on a broad array
of mammal species. Indeed, by the early to mid-Pleistocene, they
may even have outcompeted other carnivores, resulting in a drastic
decline in carnivore functional richness in African ecosystems
(Werdelin and Lewis, 2013).
The migration of hominins out of Africa began ~2 million years
ago with the expansion of Homo erectus into Eurasia (Stiner, 2002;
!n et al., 2014; Rightmire et al., 2017). By 1.5 Ma, hominins
Anto

occupied a variety of habitats within the temperate and tropical
zones, spanning some ~47 degrees of latitude (e.g., 400 N to 70 S;
! n et al., 2014). Anthropologists do not yet agree on the routes,
Anto
exact timing or number of initial migrations, but early members of
our own species probably left Africa in pulses ca. 100 ka (Stringer
and Andrews, 1988; Stringer, 2000; Walter et al., 2000; Carto
et al., 2009; Groucutt et al., 2015, Fig. 1); an exodus likely driven
!n,
and/or facilitated by changing environmental conditions (Anto
~ a et al., 2013; Jennings et al.,
2003; Carto et al., 2009; Larrasoan
2015; Parton et al., 2015; Breeze et al., 2016; Timmermann and
Friedrich, 2016; Tierney and Zander, 2017; Muttoni et al., 2018).
Speciﬁcally, the migration of humans from Africa may have been
tied to Heinrich events -climate episodes driven by the massive
release of icebergs due to ice sheet instability and the subsequent
addition of large volumes of fresh water to the North Atlantic (Carto
et al., 2009). These episodes, coupled with increasing aridity and
the onset of glaciation, likely contributed to abrupt changes in
climate and vegetation and opened migration corridors (Carto et al.,
2009; Tierney and Zander, 2017). Hominins may also have been
following migrating prey into Eurasia (Carto et al., 2009; Muttoni
et al., 2018). In any case, by ca. 80e100 ka, Eurasia housed several
species of hominins, including Neanderthals, archaic humans, and
the enigmatic Denisovans (Stringer, 2000; Walter et al., 2000; Carto
et al., 2009; Krause et al., 2010). The expansion of Homo sapiens into
Melanesia and Australia likely occurred around 50e60 ka, and the
New World was colonized around 13e15 ka (Fig. 1; Dixon, 1999;
Bowler et al., 2003; O’Connell and Allen, 2004; Goebel et al., 2008;
Oppenheimer, 2012; Timmermann and Friedrich, 2016). Importantly, the migration of humans around the world was accompanied by rapid increases in population density (Carto et al., 2009;
Timmermann and Friedrich, 2016, Fig. 1b).
Considerable work has focused on the pattern of extinction that
followed the migration of humans into Australia and the New
World, with much of it focused on the issue of causation (e.g.,
Martin, 1967, 1984; 2005; Barnosky et al., 2004; Lyons et al., 2004;
Miller et al., 2005; Koch and Barnosky, 2006; Ripple and Van
Valkenburgh, 2010; Barnosky et al., 2011; Zuo et al., 2013).
Although still contentious, most scientists now agree that humans
had a large contributing role to the terminal Pleistocene extinctions
(Martin, 1967, 1984, 2005; Martin and Steadman, 1999; Roberts

Fig. 1. Trends in extinction and human population growth over the late Quaternary. A) The cumulative loss of global mammal biodiversity over time. B) Estimated human population growth over time. C) Human migration patterns over the late Quaternary. Shown are approximate dates; panel modiﬁed after Oppenheimer (2012). Data for human
population over time from Hern (1999); data for biodiversity loss from Smith et al. (2018).
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et al., 2001; Lyons et al., 2004; Miller et al., 2005; Koch and
Barnosky, 2006; Haynes, 2009; Sandom et al., 2014); there is also
consensus about the culpability of humans in Holocene extinctions
(Burney and Flannery, 2005; Turvey, 2009; Turvey and Fritz, 2011),
and in the ongoing biodiversity crisis and ecosystem degradation
(Vitousek et al., 1997; Cardillo et al., 2005; Schipper et al., 2008;
Barnosky et al., 2011; Estes et al., 2011; Dirzo et al., 2014; Ceballos
et al., 2015; Ripple et al., 2015, 2016).
Moreover, there is a large and growing literature on modern and
future human mediated inﬂuences on ecosystems, which makes
clear the rapid expansion of our ecological footprint over recent
time (e.g., Decker et al., 2000; Purvis et al., 2000; Balmford et al.,
2004; Dirzo et al., 2014; Young et al., 2016; Ceballos et al., 2015;
Ripple et al., 2015, 2016). However, we are just now beginning to
appreciate the long prehistorical inﬂuence of hominins in general
on ecological communities (Braje and Erlandson, 2013; Werdelin
and Lewis, 2013; Lyons et al., 2016a; Malhi et al., 2016; Smith
et al., 2016b, 2018; Bibi et al., 2017, Fig. 1a). These inﬂuences predate the terminal Pleistocene; middle to late-Pleistocene extinctions of large-mammal fauna in Africa, for example, may have been
linked to a combination of hominin behavioral and climate changes
(Bibi et al., 2017). Moreover, they follow the movement patterns of
hominins, particularly humans, across the globe (Smith et al., 2018).
Indeed, the extra mortality experienced by large mammals as novel
and efﬁcient human predators grew in abundance and dispersed
across the earth led to a temporally and spatially transgressive
pattern of size-biased extinction (Smith et al., 2018.
Here, we explore the prehistoric inﬂuence of hominins on other
mammals over the late Quaternary. Note that our review does not
focus on the abundant evidence suggesting hominins were the
main driver of these extinctions, but rather we focus on the consequences of these events. Moreover, we do not differentiate between the different hominin species that were present. We suspect
that Neanderthals, Denisovans and archaic and modern humans
may all have been effective predators on other mammals, including
each other. However, it is clear that by the terminal Pleistocene,
humans were the main drivers of these extinctions. Thus, here we
review how size-selective exploitation of other mammals inﬂuenced continental and global body size distributions, and illustrate
how this changed the energy ﬂow through ecosystems and several
fundamental macroecological patterns (e.g., Brown, 1995; Maurer,
1999; Gaston and Blackburn, 2000; Gaston, 2003). We focus on
macroecological patterns because this is the domain where ecology,
biogeography, paleobiology, and evolution overlap, and where the
connections between individuals, populations, communities and
ecosystems are evident (Smith et al., 2008). While these inﬂuences
likely began with the spread of hominins within Africa several
million years ago (e.g., Werdelin and Lewis, 2013; Bibi et al., 2017;
Smith et al., 2018), data are limited for this time frame. Thus, our
analyses focus on ﬁve time intervals that roughly correspond to
important shifts in the demography and distribution of humans.
These are: 1) the late Pleistocene (LP), around 125e70 ka, which
roughly coincides with the initial migration of humans out of Africa
into Eurasia; 2) the end Pleistocene (EP), about 70e20 ka, a time
period encompassing the colonization of Australasia; 3) the terminal Pleistocene (TP), about 20e10 ka, an interval that represents
the migration of humans into the New World; 4) the Holocene (H),
about 10e0 ka, a time that represents the continued expansion of
humans across the Earth; and 5) the Future, about 200 years in the
future, where we assume that mammals characterized as ‘vulnerable’ by the IUCN actually become extinct. Because the conservation status of many species in the IUCN threat categories have
deteriorated rapidly over recent decades, it is likely that many, if
not most, will go extinct (e.g., Cardillo et al., 2005, 2008; Barnosky
et al., 2011; Dirzo et al., 2014; Ceballos et al., 2015). We note that
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data for the Future interval are somewhat conservative because we
ignore mammals falling into the ‘data deﬁcient’ category. These are
species so poorly studied or rare that their conservation status is
unclear; many likely fall into a threat category. For some analyses,
paleo data are too coarse to assign to speciﬁc time bins, so we
subsume the LP, EP and TP into a single ‘LQ’ category, which represents 125e10 ka, or the late Quaternary up until the early
Holocene.
2. Materials and methods
2.1. Biodiversity loss
Data employed were from Smith et al. (2018) and represent an
updated version of MOM v10 (Smith et al., 2003), which was
revised to reﬂect mammalian taxonomy as of September 2017
(Mammal Species of the World v3.0; Wilson and Reeder, 2003).
Information included continental distribution, body mass, IUCN
Red List conservation status (www.iucnredlist.org), last occurrence
dates for extinct species, and trophic afﬁliation for all mammals of
the late Quaternary (last ~125 ka). Because our focus was on nonvolant, terrestrial mammals, bats, marine or oceanic species, insular
mammals, and introductions were excluded for most analyses. As
discussed above, extinct species were binned into one of ﬁve time
intervals representing the approximate date of their extinctiond
late Pleistocene (125e70 ka), end Pleistocene (70e20 ka), terminal
Pleistocene (20e10 ka), Holocene (10e0 ka) and Future (þ200
years) for threatened taxa; this latter category included those
considered near-threatened, vulnerable, endangered, critically endangered, or extinct in the wild on the IUCN Red List. Following
Smith et al. (2018), we ignored speciation and assumed extant
mammal species were also present at the late Pleistocene. This
assumption is reasonable because the average species ‘lifespan’ of a
mammal is ~1e2 million years (Foote and Raup, 1996; Alroy, 2000;
Vrba and DeGusta, 2004). We collapsed trophic information into
four general guilds (herbivore, carnivore, insectivore and omnivore) to reﬂect the major dietary mode. The statistical moments,
degree of biodiversity loss, and changes in body mass were
computed globally and for each continent for each time interval.
We also characterized losses at different levels of the taxonomic
hierarchy. Distributional changes over time were assessed using
Kolomorgorov-Smirnov tests; all analyses were conducted in R (R
Core Team, 2015; R Studio, 2015).
Data for human population growth over the late Quaternary
were extracted from Hern (1999). While these are admittedly
imprecise, his estimates were derived from the paleontological and
archeological literature and extend far enough into the fossil record
for useful comparisons. Here, we compare human population estimates with extinction dynamics of other mammals over the late
Quaternary.
2.2. Extinction patterns
2.2.1. Selectivity of extinctions
The sudden loss of many species of large-bodied mammals at
the terminal Pleistocene has drawn considerable attention over the
years (e.g., Guilday, 1967; Lundelius, 1967; Martin, 1967, 1984;
Graham and Lundelius, 1984; Graham and Grimm, 1990; Guthrie,
1990; Murray, 1991; Lessa and Farina, 1996; Flannery and
Schouten, 2001; Martin and Steadman, 1999; Stuart, 1999;
Barnosky et al., 2004; Lyons et al., 2004; Koch and Barnosky, 2006;
Sandom et al., 2014), with later authors quantifying the degree of
selectivity across the taxonomic hierarchy and across continents
(Lyons et al., 2004; Sandom et al., 2014). Similarly, the greater
extinction risk of Holocene and modern IUCN Red Listed mammals
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also has been quantiﬁed (Cardillo, 2003, Cardillo et al., 2003, 2005,
2008; Schipper et al., 2008; Barnosky et al., 2011; Ceballos et al.,
2015, 2017; Ripple et al., 2015, 2016). However, only recently
have earlier extinctions been characterized and the change in
extinction bias over time examined (Smith et al., 2018). Our discussion of extinction selectivity is based largely on the data and
results of Smith et al. (2018). As detailed above, data employed
included body mass estimates for extant and recently extinct
mammals, last occurrence dates, continental distribution and trophic guild. For each temporal interval, extinction selectivity by
group (i.e., global, continent, trophic guild) was quantiﬁed by
calculating the difference in mean (log10-transformed) body mass
between victims and survivors as well as by determining the coefﬁcient of association between log10-transformed body mass and
survival status using logistic regression. Smith et al. (2018) examined extinction selectivity globally, by continent, and by trophic
group. We extend this to assess extinction selectivity for each trophic group on each continent in each time interval.
2.2.2. Comparisons with deep time Cenozoic record
There has been a long and acrimonious debate in the literature
about the role of climate in driving extinction in mammals,
particularly those of the terminal Pleistocene (e.g., Barnosky et al.,
2004; Lyons et al., 2004; Koch and Barnosky, 2006; Grayson,
2007; Wroe et al., 2006, 2013; Sandom et al., 2014). More recent
studies generally agree that human activities had a pivotal role,
although climate shifts may have contributed to some extent
(Barnosky et al., 2004; Lyons et al., 2004; Koch and Barnosky, 2006;
Haynes, 2009; Sandom et al., 2014). However, the idea that rapid
changes in climate and vegetation at the PleistoceneeHolocene
transition led to mammal extinctions (Guilday, 1967; Lundelius,
1967; Graham and Lundelius, 1984; Graham and Grimm, 1990;
Guthrie, 1990; Grayson, 2007) has not completely disappeared
from the recent literature (e.g., Wroe et al., 2013; Meltzer, 2015).
Thus, to robustly examine the potential role of climate on extinction
patterns, we compared turnover in the Cenozoic terrestrial
mammal record and paleotemperature (Zachos et al., 2001) for the
past 65 Ma. Our analyses followed the initial work reported by
Smith et al. (2018) where extinction selectivity was computed for
1 Ma intervals across the Cenozoic. Mammal turnover was
compared to the global climate state (mean temperature), climate
variability (within 1 Ma intervals; using the standard deviation)
and climate change (the change in these measures between 1 Ma
intervals) using linear regression. Further details regarding the
methods are available in Smith et al. (2018). Mammalian turnover
over the Cenozoic was characterized here using Foote's boundary
crosser method (Foote, 2000), which takes into account sampling
intensity.
2.3. Changes in macroecological patterns over time
2.3.1. Geographic range size
The relationship between species body mass and the size of the
geographic range has been quantiﬁed by a number of workers
(Anderson, 1977; Brown, 1995; Gaston and Blackburn, 1996; Rundle
et al., 2007; Lyons and Smith, 2013), who demonstrate that it is
roughly triangle-shaped for most groups. While small mammals
may have either larger or small geographic ranges depending on
their degree of habitat specialization, large-bodied mammals
require a large range to maintain an effective population size
(Brown, 1995; Smith et al., 2008). Moreover, there is a disproportionately greater risk of extinction for animals that have small
ranges for their body size (Brown, 1995). This is considered a classic
pattern in macroecology (Brown, 1995). However, it - like other
apparently fundamental relationships-was based on extant

mammals without regard to historic and prehistoric anthropogenic
extinctions, which have disproportionately targeted larger-bodied
mammals (Smith et al., 2010a; Smith and Boyer, 2012). Only a
few studies have examined shifts in range sizes over time (Ceballos
and Ehrlich, 2002; Morrison et al., 2007; Lyons and Smith, 2013;
Faurby and Svenning, 2015), and they have not quantiﬁed the inﬂuence on the ‘shape’ of the constraint envelope.
Thus, we examined differences in the geographic range using
both historic and modern data extracted from two compilations
(Ceballos and Ehrlich, 2002; Morrison et al., 2007). We focused on
taxa from four terrestrial mammal orders (Artiodactyla, Carnivora,
Perissodactyla, and Proboscidea; N ¼ 275), because these groups
experienced substantial range reductions over the past few centuries (Ceballos and Ehrlich, 2002; Morrison et al., 2007). We
computed future range size based on species status within the IUCN
Red List; as was done earlier, those mammals listed as vulnerable,
near-threatened, threatened, or endangered were assumed to
become extinct and removed. We assumed that ongoing range
constriction would continue in to the future period. Thus, for the
future time bin, we further reduced surviving species’ ranges by the
percent lost between historic and modern periods. Body mass was
derived from MOM v10 (Smith et al., 2003). For each time bin, we
plotted geographic range and body size by trophic guild (carnivore,
or herbivore). “Constraint envelopes” (e.g., Brown and Maurer,
1987) in the form of convex hulls (minimum bounding polygons)
were ﬁt to herbivores, carnivores and omnivores to describe the
energetic and/or environmental limits to the distribution of species
in bivariate space. We characterized the upper constraint in two
ways: ﬁrst, we ran a regression through the largest geographic
range for each 0.25 log body size bin across the 8 orders of
magnitude span of size; a similar analysis was done for the lower
constraint line. Second, we ran an upper quartile regression; doing
so for the lower quartile was non-informative because of the concentration of values at small body masses and ranges. Constraint
envelopes were used to visualize the change in the relationship
between body mass and geographic range through time. Species
included in the modern range estimates were also included in an
analysis of population trendsdbased on IUCN population estimatesdto determine the proportion within four taxonomic orders
(Artiodactyla, Carnivora, Perissodactyla, and Proboscidea), which
have decreasing, increasing or stable population size.
2.3.2. Area, species richness and body mass
The relationship between the area of a land mass and the largest
species present has received surprisingly little attention in the
macroecological literature. The few studies conducted to date
demonstrate a log linear relationship with the mass of the largest
species increasing with increasing land area; reported values for
the slope range considerably from 0.5 to 0.8 (Marquet and Taper,
1998; Burness et al., 2001; Smith et al., 2010a; Smith and Boyer,
2012). Explanations for the pattern vary, but generally relate to
some aspect of resource availability. For example, because large
mammals have low population densities and large home ranges
(Damuth, 1981, 1987; Brown and Maurer, 1987, 1991), maximum
size may be limited by the number of home ranges that can ﬁt into a
given land area (Burness et al., 2001; Maurer, 2013).
Here, we re-evaluated this relationship in two important ways.
First, we dramatically increased sample size by collecting temporal
data on the body size of the largest species for 97 different landmasses, including islands, the major continents and ocean basins
(http://biology.unm.edu/fasmith/Datasets/). We also conducted the
analysis with and without inclusion of marine mammals, which as
the largest-bodied mammals anchor the upper end of the regression. Area ranged in size from 1 km2 for the smallest islands (e.g.,
Todos Santos), to 5,451,700 km2 for Eurasia, and 266,702,000 km2
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for the Atlantic, Paciﬁc, Artic, and Southern ocean basins combined.
Second, we investigated the inﬂuence of size-selective extinction
on this relationship. Here, data limitations led us to focus on four
time periods: LQ (125e10 ka), Holocene (10e0 ka), Modern (0 ka)
and the Future (þ200 yrs). Note that our sample size of landmasses
is not completely consistent over time. For example, we had fewer
landmasses for the LQ because some were landbridge islands that
only formed in with the rising of sea levels at the terminal Pleistocene. Both body mass and land area were logged prior to analyses
and then evaluated using ordinary least squares regression.
2.3.3. Trophic structure
Trophic downgrading of modern ecosystems is ongoing (Estes
et al., 2011). The loss of the apex consumers in ecosystems has
many direct and indirect consequences, including the potential to
change vegetation structure and composition, unravel food webs,
and change processes such as ﬁre regimes (Estes et al., 2011; Ripple
et al., 2014). We are just beginning to develop an appreciation for
the integral role of large consumers in Earth systems (Smith et al.,
2016a,b). Here, we examine the inﬂuence of the size-selective
trophic downgrading across the Quaternary within two major
terrestrial trophic groups, carnivores and herbivores. These are the
groups that have suffered the greatest biodiversity losses over the
late Quaternary (Smith et al., 2018).
As with the biodiversity analyses, we employed body mass, the
IUCN Red List conservation status (www.iucnredlist.org), last
occurrence dates for extinct species, and trophic afﬁliation for all
mammals of the late Quaternary from Smith et al. (2018). All
members of the order Carnivora were classiﬁed as carnivores,
regardless of the degree or source of meat consumption. We
grouped species identiﬁed as being predominately browsers or
grazers as herbivores. We then characterized the distributions of
these two trophic groups for the six time bins: prior (>125 ka), late
Pleistocene (125-70ka), end Pleistocene (70e20 ka), terminal
Pleistocene (20e10 ka), Holocene (10e0 ka), Modern (0 ka), and
Future (þ200 years), where all species listed as threatened,
vulnerable, and extinct by the IUCN Red List were removed.
Changes in the range of body size and in the shapes of the distributions over time were tested using Kolomorgorov-Smirnov tests;
all analyses were conducted in R.
3. Results and discussion
3.1. Biodiversity loss
The extinction rate of mammals has increased dramatically over
the last ~125,000 years (Fig. 1a), concomitant with the growth and
spread of human populations (Fig. 1b and c). To date, we have lost
approximately 8% of the world's mammals; without intervention
the cumulative biodiversity loss could reach ~30% within a few

Fig. 2. The taxonomic sensitivity of extinction over time. A) Cumulative degree of
extinction within each level of the taxonomic hierarchy. B) The distribution of
extinction over various taxonomic levels. Note the sharp increase in both the extent
and the breadth of extinction in the future time bin; while extinctions were once
conﬁned to particular clades, they are now widespread across the taxonomic hierarchy.

hundred years (Table 1; Fig. 2). This value may be conservative
because we ignored ‘data deﬁcient’ mammals in the future projections. However, our cumulative estimate is in line with many
recent projections, which focus on the change in biodiversity from
the modern to the future (Cardillo et al., 2005; Schipper et al., 2008;
Hoffmann et al., 2010; Barnosky et al., 2011; Dirzo et al., 2014;
Ceballos et al., 2015; Ripple et al., 2015, 2016, 2017). Moreover,
while past extinctions were concentrated in particular taxonomic
groups (e.g., the Holocene and late Pleistocene extinctions were
conﬁned to 7 and 11 orders, respectively; Table 1), suggesting that
conserved biological traits made some clades more susceptible to
extinction (Purvis et al., 2000; Turvey and Fritz, 2011), the magnitude of future extinctions means they will necessarily become more
widespread across the taxonomic hierarchy (Fig. 2). Our computations suggest that in the Future, for example, more than 88% of
orders could experience at least one extinction (Fig. 2). Moreover,
extinctions could lead to considerable loss of phylogenetic and
functional diversity with as many as ~27% of terrestrial nonvolant
families and 25% of mammalian orders lost (Table 1).
Interestingly, these past and future extinction events have not
changed the canonical ‘hollow curve’ pattern of species among

Table 1
Global alpha diversity of terrestrial nonvolant mammals by taxonomic level and time interval.
Interval

Late Pleistocene
End Pleistocene
Terminal Pleistocene
Holocene
Future
Change from LP to Future

Time Interval

Before 125 ka
125-70 ka
70-20 ka
20-10 ka
10e0
#200 yrs

Cumulative Biodiversity loss (%)

unknown
0.5
2.1
6.8
8.0
29.6
29.6

Extant at end of interval

Species extinctions during interval

Species

Genus

Family

Order

Species

Genus

Family

Order

3305
3292
3241
3084
3043
2328
#973

891
889
869
792
785
604
#287

126
126
124
115
112
92
#34

32
32
32
30
29
24
#8

13
51
157
41
711

10
33
101
28
349

8
16
33
12
82

5
6
11
7
21

Higher level taxonomic information provided for extinct species showing the extent of loss; it does not represent the actual generic, family or ordinal losses. Those can be
obtained by subtracting between temporal intervals.
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genera (i.e., the S/G ratio), where a few lineages are species rich and
most are species poor (Fig. 3); a pattern ubiquitous across biology
(Willis and Yule, 1922; Anderson, 1977; Maurer and Brown, 1988;
Brown and Maurer, 1989; Williams and Gaston, 1994; Roy et al.,
1996; Hilu, 2007). Because S/G ratios are sensitive to diversity
(Simberloff, 1970), the null expectation would be a monotonic
decrease in the ratios with declining number of species (J€
arvinen,
1982; Gotelli and Colwell, 2001). That we do not ﬁnd this prediction borne out is interesting because late Quaternary extinctions
were phylogenetically non-random (Lyons et al., 2004; Smith and
Lyons, 2011; Turvey and Fritz, 2011; Smith et al., 2018), and future
losses will also likely disproportionately target certain clades (e.g.,
Cardillo et al., 2005, 2008; Schipper et al., 2008; Davidson et al.,
2009; Fritz et al., 2009; Dirzo et al., 2014; Pimm et al., 2014).
Hence, we might anticipate that a higher proportion of monotypic
genera, representing unique functional diversity, would be lost
(e.g., Purvis et al., 2000). However, projected extinction intensity at
the genus level is only slightly higher than that of the species level
(~32 vs 30%; Table 1, Fig. 2).
While the fundamental S/G ratios did not alter, late Quaternary
and Future extinctions did and will lead to signiﬁcant changes in
the body size distribution (BSD) of mammal species over time
(Fig. 4). On each continent (Fig. 4aee), and globally (Fig. 4f), there
has been a selective loss of the largest mammals from ecosystems,
leading to an approximate 2 orders of magnitude truncation in the
range. Moreover, these changes, particularly since the terminal
Pleistocene, have also meant reduced mean mass and the loss of
multi-modality in New World fauna (Lyons et al., 2004; Smith et al.,
2004; Smith and Lyons, 2011; Smith and Boyer, 2012; Lyons and
Smith, 2013), leading to a largely unimodal right-skewed distribution. The BSD of mammals ﬁrst became bimodal ~40 Ma (Lyons
and Smith, 2013), concomitant with the evolution of very large
body size and remained that way until the late Quaternary (Lyons
and Smith, 2013). Thus, the modern BSD of mammals on continents is unlike that seen earlier in Earth history. Because the distribution of body sizes regulates energy ﬂow through communities,
restructuring of the BSD has important implications in terms of
ecological function. For example, the right skewed BSD observed
for mammals (and many other taxa) reﬂects that there are more
species of small animals than large ones, suggesting that small
things can or do more ﬁnely divide resources in the environment
(Hutchinson and MacArthur, 1959; Van Valen, 1973; Brown and
Maurer, 1987; Dial and Marzluff, 1988; Brown and Nicoletto,
1991; Fenchel, 1993; Brown, 1995). This pattern might suggest
competitive interactions are stronger or more important in structuring these size classes. Ecological homeostasis theory predicts
that unused energy in an ecosystem resulting from the loss of large-

Fig. 3. The pattern of species diversity within genera. Note that despite phylogenetic
selectivity, extinctions during the late Quaternary did not change the fundamental
‘Hollow curve’ pattern of the number of species per genus. Both curves are concatenated at 50 species per genus; there are a few genera in both time intervals that are
much more speciose.

bodied mammals will lead to increases in abundance or distribution of survivors and/or changes in species compensation (Ernest
and Brown, 2001b).
The loss of large-bodied mammals across the globe occurred in a
spatially and temporally transgressive manner (Smith et al., 2018,
Fig. 5), co-incident with human migration patterns (Fig. 1c). Each
time humans entered a new continent, extinctions followed. The
downgrading of mean mammal body size was severe: at ~125 ka,
the average global mass of terrestrial nonvolant mammals was
~81 kg (Fig. 5b). Today, it is about 16.8 kg. We predict that in the
future it will fall to ~6.9 kg, the lowest average global body mass of
mammals in ~55 million years (Smith et al., 2010b, Fig. 5a). A
similar trajectory of body size downgrading is evident for
maximum body mass on the continents (Smith et al., 2018). When
mean global body mass of mammals is plotted against estimated
population size of H. sapiens over the late Pleistocene and Holocene,
we ﬁnd a strong and signiﬁcant correlation: the near exponential
growth of human populations has led to a near exponential
decrease in mean body size over the Earth (Fig. 6).
3.2. Extinction patterns
Late Quaternary extinctions and current extinction threat were
strongly biased against large-bodied terrestrial mammals
(Fig. 5def; Fig. 7). A striking and highly signiﬁcant size bias was
evident both globally (Fig. 7a and b), as well as when data were
stratiﬁed by continent (Fig. 7c and d) or by trophic group (Fig. 7e
and f; Smith et al., 2018). The average victim of Late Quaternary
extinctions was more than three orders of magnitude larger in body
mass than the average surviving species (Fig. 7a). While several
authors have quantiﬁed the size selectivity of the terminal Pleistocene megafauna extinction (e.g., Alroy, 1999; Lyons et al., 2004;
Sandom et al., 2014), the realization that this event was part of a
long-term global trajectory is relatively recent (Koch and Barnosky,
2006; Braje and Erlandson, 2013; Smith et al., 2018). Strikingly, the
size selectivity of the Late Quaternary extinctions was completely
unprecedented in the previous fossil mammal record (Fig. 5c vs. 5d;
see Alroy, 1999 for North America). No interval in the past 65 Ma
has resulted in the same level of extinction bias against largebodied mammals seen in the late, end or terminal Pleistocene,
and even the Holocene and Future intervals are outliers in terms of
the Cenozoic fossil record (Fig. 5d; Smith et al., 2018). These were
unusual events.
Interestingly, although large-bodied mammals still suffer(ed)
disproportionately, the selectivity of extinction decreased over the
Holocene and into the Future (Figs. 5 and 7); indeed, the difference
in body mass between victims and survivors drops to approximately one order of magnitude for extinctions during the Holocene
and for projected future losses (Fig. 7a). This change in the selectivity likely reﬂects the reduced diversity of large-bodied mammals
extant (e.g., fewer to go extinct) as well as a change in the nature of
threats. However, the simple truncation of the size distribution
does not explain the reduced association between size and
extinction observed over time in the regression analysis (Fig. 7b, d,
f, h). While direct exploitation was probably the main driver of the
late Quaternary extinctions (Alroy, 2001; Zuo et al., 2013), a more
complex suite of stresses including hunting, extermination (of
carnivores in areas with livestock), fragmentation and/or land use
change, and climate change, are driving Holocene and future extinctions (Vitousek et al., 1997; Barnosky et al., 2004, 2011; Cardillo
et al., 2005, 2008; Schipper et al., 2008; Estes et al., 2011; Dirzo
et al., 2014; Ceballos et al., 2015; Ripple et al., 2015, 2016).
Indeed, future extinctions target not only large-bodied mammals,
but also small, often highly specialized or geographically localized
species (Lyons et al., 2016b; Ripple et al., 2017; Smith et al., 2018).
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Fig. 4. Body size downgrading over the late Quaternary. Redrawn from Smith et al. (2018)..

Fig. 5. Body size and extinction selectivity of mammals over the Cenozoic. A) Mean body size (kg) from 66 to 1 Ma. B) Mean body mass over the late Quaternary (last ~125 ka years).
C) Body size selectivity of extinctions over the Cenozoic era, D) Body size selectivity over the late Quaternary, E) Difference in body mass between victims and survivors (in log units)
over the Cenozoic, and, F) Difference in body mass between victims and survivors (in log units) over the late Quaternary. Note the temporally and spatially transgressive decrease in
body mass; this corresponds with human migration patterns (Panels aed redrawn after Smith et al., 2018).
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Fig. 6. The mean body mass of mammals across the late Quaternary plotted against
estimated human population size. Data for human population growth from Hern
(1999). Mean body mass for each interval from Smith et al. (2018). The estimate
(and standard error) of the coefﬁcients: Intercept ¼ 2.902 (0.1829), slope ¼ -0.208
(0.0279); Multiple R-squared: 0.9171, P < 0.001, df ¼ 5.

The larger size bias observed in data when stratiﬁed by continent rather than by trophic group (Fig. 7) suggested that the estimation of bias was reduced in the global analyses. This reduction
may have occurred because global analyses mixed extinction patterns on continents that, at least prior to the Late Quaternary,
hosted many of the largest species (e.g., Africa, Eurasia, North
America) with continents that hosted fewer extremely largebodied species (e.g., Australia). The size bias reported by Smith
et al. (2018) persisted when further stratiﬁed both by continent
and by trophic group (Fig. 7 g, h). In general, the size bias was
greatest for herbivores, followed by carnivores, and smaller in
omnivores and insectivores. This led to striking changes in the
global distribution of herbivores and carnivores over time (Fig. 8).
Note that we focus here on the consequences and not the causes
of late Quaternary extinctions. The evidence is overwhelming for a
strong contributing role of humans in each of these time periods
(e.g., Alroy, 2001; Lyons et al., 2004; Koch and Barnosky, 2006;
Haynes, 2009; Surovell and Waguespack, 2009; Turvey, 2009;
Barnosky et al., 2011; Turvey and Fritz, 2011; Zuo et al., 2013;

Fig. 7. Extinction selectivity patterns with respect to body size from the Late Quaternary through the near future. A) Differences in mean (log10-transformed) body mass between
victims and survivors globally for the Late Pleistocene (LP), end-Pleistocene (EP), terminal Pleistocene (TP), Holocene (H), and near future (F) scenarios. B) Logistic regression
coefﬁcients with 95% conﬁdence intervals from logistic regression of extinction status as a function of body mass, globally. C) Size differences between victims and survivors by
continent. D) Logistic regression coefﬁcients by continent. E) Size differences by trophic group. F) Logistic regression coefﬁcients by trophic group. G) Size differences by continent
and trophic group. H) Logistic regression coefﬁcients by continent and trophic group.
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difference in size between the mean size of victim and survivor) or
extinction rate (turnover). These results argue that climate change
in the past was not a key driver of extinction in mammals (Smith
et al., 2018). While climate shifts led to changes in abundance,
distribution, and likely morphological adaptation (Smith et al.,
1995, 1998; 2010b; Smith and Betancourt, 2003), most mammals
were able to cope with the changing environments of the Cenozoic
through these mechanisms.
Finally, the trophic bias we ﬁnd is consistent with the exploitation of mammals for food. The bias of extinction is greatest for
herbivores, which have tended to be the most important hominin
prey, moderate against carnivores, which tend to compete with
hominin hunters for large prey (or, more recently, livestock), and
weakest against omnivores and insectivores, which tend to have
less value as prey and less competition with hominins over food
resources (Fig. 7e and f; Fig. 8). Moreover, the greater selectivity of
extinction after controlling for continent suggests that it is relative
size within a continent rather than absolute size that has inﬂuenced
extinction probability (Fig. 7g and h). This ﬁnding is more consistent with an effect of hunting, which acts on the availability species
pool, than of a physiological response to climate change or an
ecological response associated with a fundamental scaling
property.
Changes in macroecological patterns over time.

Fig. 8. Histograms of log body-size are plotted for species classiﬁed as carnivores (A)
and herbivores (B) at six different time-bins within which extinctions occur. Within
the future time bin, predicted extinctions occur within species classiﬁed as vulnerable,
threatened, or endangered.

Sandom et al., 2014; Surovell et al., 2016; Smith et al., 2018) and
thus, we do not debate the issue of causation. Nonetheless, we note
that our work both highlights the inﬂuential role of humans, and
contravenes a role for climate as a driver of mammal biodiversity
loss in several important ways.
First, as we noted above, we ﬁnd no evidence in the fossil record
prior to the evolution of hominins for the type of dramatic size
selectivity observed over the past 125 ka (Figs. 5e7). It was
completely unprecedented in 65 Ma of mammal evolution; body
size did not normally inﬂuence extinction risk (Alroy, 1999; Tomiya,
2013; Smith et al., 2018). The pattern of size-selectivity was both
temporally and spatially transgressive (Fig. 5b), and closely followed human migration patterns (Fig. 1c; Smith et al., 2018).
Moreover, the mean body size of mammals globally was inversely
and signiﬁcantly related to human population size (Fig. 6).
Second, the lack of relationship between extinction selectivity,
or the rate of extinction, and Cenozoic climate is remarkable (Fig. 9).
Neither the selectivity nor the rate of mammalian extinction in the
Cenozoic fossil record was signiﬁcantly correlated with the mean
global climate state or with the trend in global climate as measured
through the marine oxygen isotope record (Smith et al., 2018).
Whether measured in terms of mean temperature, temperature
variability, or change in temperature (Fig. 9), there was no correlation between any of the climate variables and either extinction
selectivity (measured as the logistic regression coefﬁcient or as the

3.2.1. Geographic range
Elucidating the factors constraining and shaping the geographic
range of animals has captivated naturalists since they began
exploring the planet (Humboldt et al., 2009). Darwin (1859) wrote:
‘I have lately been especially attending to Geograph. Distrib., and most
splendid it is, a grand game of chess with the world for a Board’.
Despite centuries of research, understanding the constraints on
geographic ranges remains one of the fundamental aims of biogeography (Brown and Lomolino, 1998). Anthropogenic climate
change has led to geographic shifts in the range extent of many
species, with northern hemispheric species shifting ranges toward
the north pole and southern hemispheric species shifting towards
the south pole (Parmesan and Yohe, 2003); future warming may
lead to the contraction of ranges as well. Human activities have also
led to declines and/or fragmentation of the distribution of many
species, especially in Africa and Eurasia (Ceballos and Ehrlich, 2002;
Morrison et al., 2007; Crooks et al., 2017). Not surprisingly, we ﬁnd
that the body size downgrading of the late Quaternary has fundamentally changed the relationship between the body size of
mammal species and their geographic range (Fig. 10). For some
large-bodied herbivores, for example, the modern range has shrunk
more than three orders of magnitude relative to historic time periods (Fig. 10d). Overall, the average geographic range of mammals
has decreased by 48%, although the impact was much greater for
herbivores than carnivores (60% vs. 30%, respectively; Fig. 10c and
d). This enhanced dataset conﬁrms earlier work suggesting largebodied mammals have lost at least 30% of their range since historic times, and that ~40% have experienced 80% or more of range
contraction (Ceballos et al., 2017).
Mammal range-size loss was not randomly distributed across
space or dietary afﬁliation. From historic to modern time, the declines were greatest for Africa and Asia (Ceballos and Ehrlich, 2002).
The largest contractions were generally seen for species whose
ranges overlapped with areas of particularly high human density or
modiﬁcation of landscapes such as agricultural ﬁelds (Ceballos and
Ehrlich, 2002; Morrison et al., 2007). Generalists have been more
successful than specialists in coping with the consequences of
human impacts on ecosystems such as invasive species and biotic
homogenization (Olden et al., 2004; Davidson et al., 2009; Clavel
et al., 2011; Longman et al., 2018). And of course, an extreme
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Fig. 9. Scatterplots of extinction patterns versus measures of climate across the Cenozoic at million-year intervals. Extinction is quantiﬁed as: ﬁrst row) the negative of the natural
log of the number of the number of species ranging through the interval divided by the number of species entering the stage from the previous interval but not surviving into the
subsequent interval (Foote, 2000); second row) the logistic regression coefﬁcient measuring the association between body mass and extinction; and third row) the difference in
mean size between victims and survivors. Climate is measured in terms of mean, standard deviation, and interval-to-interval change in mean oxygen isotope paleoclimate proxy
values from planktic foraminifera.

generalist, Homo sapiens, has been the most signiﬁcant invasive
species and ecological engineer of the late Quaternary (Marean,
2015).
The shape of the ‘constraint space’ that characterizes the relationship between geographic range and body size (Brown, 1995)
has also altered signiﬁcantly over time (Fig. 10). In the past, the
upper constraint limit between geographic range and body size was
well-described statistically (Table 2), reﬂecting the general pattern
that species with larger body sizes also had larger ranges. However,
range fragmentation and constriction have inﬂuenced the largest
mammals disproportionately; they have lost on average ~70% of
their former range, as compared to 22e35% for mammals of smaller
sizes (Fig. 11). Thus, the slope of the relationship has decreased
from the historic into the modern, and moreover, is no longer
distinguishable from zero (Fig. 10; Table 2). The decline in the
geographic ranges of large mammals is a direct consequence of
their large range, which brings animals into greater contact, and
thus conﬂict, with humans on an increasingly fragmented earth
(Cardillo et al., 2005; Barnosky et al., 2012; Tucker et al., 2018). The
geographic range is an amalgamation of the home ranges of the
individuals within the species. Because large-bodied mammals are
generally constrained to have low population densities, their
effective population size will be small unless they have a large
geographic range (Brown, 1995). Thus, reductions in their
geographic range will lead to reduced densities, which increases
the probability of extinction (MacArthur and Wilson, 1967; Brown,
1995). Habitat fragmentation is yet another way in which large-

bodied mammals suffer disproportionately from human activities
(Crooks et al., 2017).
Not surprisingly, some mammals with small geographic rangesdoften specialistsdare at risk owing to wide-scale habitat
restructuring by humans (Flannery and Schouten, 2001; Ripple
et al., 2017). The bottom portion of the constraint envelope dropped an order of magnitude across body size classes from historic to
modern times (Fig. 10e and f). Indeed, it is the bottom of the
constraint envelope where species may be most vulnerable to
extinction in the future (Brown and Maurer, 1987). Our future
polygons (Fig. 10g and h) conﬁrm this prediction; while mammals
larger than ~130 kg have lost 50e70% of their range since historic
times (N ¼ 78 species), the smallest mammals (<3 kg) have on
average experienced a 71% range contraction (N ¼ 3 species;
Fig. 11). Whether this is a universal pattern is unclear (but see
Ripple et al., 2017).
Some species have beneﬁted from the changes in ecosystem
structure. Today, as large carnivores decline, mesocarnivores, such
as the coyote (Canis latrans) are increasing both their range and
population size, presumably owing to a reduction in competitive
pressures (Ritchie and Johnson, 2009). Mesocarnivore release may
also have occurred with the extinction of larger-bodied carnivores
earlier in earth history (Pardi and Smith, 2016). The transformation
of mesocarnivores into apex carnivores may inﬂuence the population dynamics of smaller mammals in communities (Prugh et al.,
2009; Pardi and Smith, 2016). Indeed, across trophic guilds, we
ﬁnd that medium-sized mammals show the lowest range
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Fig. 11. Geographic range reductions from historic to future time intervals by body
size.

Fig. 10. Inﬂuence of humans on pattern of geographic range and body mass of
mammals. Range size for the largest (50% percentile) taxa from four mammal orders
(Artiodactyla, Carnivora, Perissodactyla, and Proboscidea) plotted against body size as
in Brown and Maurer (1987). Rows represent time bins (historic, historic to modern,
modern, and future projections), while columns represent trophic guilds. Triangles in
panels A and B represent the triangular envelope for the historic range of the entire
large mammal community. Panels C and D show the transformation of range size from
historic (squares) to modern (circles) time bins, while arrows represent the direction of
change. In panels E and F, light gray triangles represent modern range envelopes for
large mammals and overlay the dark gray triangles that represent the historic range.
Panels G and H show historic, modern, and future range triangular envelopes, note that
the major axis of change is the bottom right leg of the triangle.

contractions from the historic to modern (Fig. 11). Moreover, examination of the terminal Pleistocene to modern demonstrated
that smaller mammals displayed greater variation in range size
shifts than did other mammals (Lyons et al., 2010).
3.2.2. Area, species richness and body mass
As has been reported elsewhere, there is a highly signiﬁcant
relationship between the size of the largest mammal species and
the size of the land or ocean basin where it is found (Marquet and
Taper, 1998; Burness et al., 2001; Smith et al., 2010b; Smith and
Boyer, 2012). This is not a statistical artifact of larger areas having
more species and thus increasing the probability of the evolution of
larger animals (Marquet and Taper, 1998). Rather, it likely results
from the positive scaling of resource availability and diversity with
area, which provides more energy to maintain viable populations of
large, low density, mammals (Marquet and Taper, 1998; Burness
et al., 2001; McNab, 2010).

We ﬁnd that body size downgrading over the late Quaternary
changed the scaling relationship between maximum size and area
(Table 3). Although the relationship remained highly signiﬁcant
even into the future, the slope shifted slightly and the intercept
decreased as mammals were extirpated from islands. While the
largest Cetacean is endangered (e.g., the blue whale, Balaenoptera
musculus), other large whales are currently considered of Least
Concern by the IUCN (e.g., the bowhead whale, Balaena mysticetus).
Thus, the upper end of the relationship did not change appreciably
going into the Future interval. Nor does the regression change
substantially when marine mammals were eliminated altogether
(Table 3). However, the y-intercept decreased by ~50% from the
Pleistocene into the Future (Table 3), translating to slightly more
than an order of magnitude decrease in the size of the largest
mammal supported by a given land area. For example, the largest
mammal on the Greek island of Rhodes (1410 km2) during the
Pleistocene was predicted to be ~10.8 kg; in the future, the largest
mammal would ~0.8 kg.
As with other macroecological patterns affected by body size
downgrading, these results suggest that relationships characterized
using only modern data should be interpreted with caution and
reevaluated after the inclusion of fossil data. More importantly,
continued body size downgrading is likely to have cascading effects
on island ecosystems. Mammals on islands provide a prey base for
other species including other mammals, reptiles, and birds. Carnivores in particular, are strongly inﬂuenced by extinctions. Moreover, the size of carnivores is correlated with the size of their prey
(Raia and Meiri, 2006; Forsman, 1991; Goltsmann et al., 2005;
Jessop et al., 2006). Such patterns have been documented for reptiles and mammals (Forsman, 199; Raia and Meiri, 2006). As the size

Table 2
‘Constraint lines’ characterizing the upper limit of mammal body mass and geographic range.
Time Bin

Aspect of Geographic Range

Slope

Intercept (þ/# stdev)

r2adj

p-value

Historic
Modern
Historic
Modern

Maximum
Maximum
Upper quartile
Upper quartile

0.24
0.36
0.19
#0.14

12.1
8.8
14.8
17.5

0.11
0.037
e
e

0.04
0.16
0.04
0.5

‘Maximum’ represents an OLS regression conducted through the largest geographic range in each 0.25 log unit across the 8 orders of magnitude span of mammal body size;
Upper quartile regression used tau ¼ 0.9; signiﬁcant values indicated in bold. df ¼ 168 in all cases.
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Table 3
The relationship between the maximum size of mammals and area.
Interval

Pleistocene
Holocene
Modern
Future

Age

Before 10 ka
10e0
þ200 yrs

With whales

Without whales

N

Slope

Intercept

p-value

R2

N

Slope

Intercept

p-value

R2

92
92
78
60

0.77
0.70
0.70
0.61

1.59
1.39
1.24
1.26

<0.001
<0.001
<0.001
<0.001

0.51
0.56
0.56
0.54

90
90
76
58

0.77
0.68
0.66
0.54

1.57
1.47
1.34
1.50

<0.001
<0.001
<0.001
<0.001

0.47
0.51
0.49
0.45

OLS regressions were conducted on log island area (km2) and log body mass (g). Regressions were done with and without whales.

of prey decrease, the size and growth rate of carnivores dependent
on them will be inﬂuenced, perhaps leading to restructuring of the
carnivore guild (Goltsmann et al., 2005). Such changes have implications for the structure and energy ﬂow through island ecosystems. Predicting just how ecosystem structure and function will
change is complicated by other human impacts, including habitat
alteration and human population density on islands.
Our analysis highlights the widespread extinctions on islands.
Although 78% of the landmasses still contain mammals, most lost
their largest species. These losses were widespread across islands of
all sizes and were not a result of differential losses of large species
on small islands. Moreover, 21% of the areas lost all of their native
mammals entirely. In the future, ~40% of the islands we examined
will contain no native mammals. Island faunas of the future are
likely to be very different as a result of the combined effects of
extirpation and body size downgrading.
4. Conclusion and outlook
The loss of large-bodied mammals over the late Quaternary was
severe, unique in Earth history, and occurred in a temporally and
spatially transgressive manner. Moreover, body size downgrading
was signiﬁcantly related to increased human population density
(e.g., Fig. 6) and not to changing climate (Fig. 9). As humans have
migrated across Earth, from continent to continent, and from
continents to islands, extinctions of large-bodied mammals have
followed. Whether by default or design, humans have manipulated
the environment since they became a dominant species on the
planet (e.g., Decker et al., 2000; Purvis et al., 2000; Balmford et al.,
2004; Lyons et al., 2004; Donlan et al., 2005, 2006; Dirzo et al.,
2014; Young et al., 2016; Ceballos et al., 2015; Ripple et al., 2015,
2016, 2017). While the pace of extinctions has increased over time
(Fig. 2), the size selectivity has decreased (Figs. 5 and 7), presumably owing to a change in the nature of the threats.
While considerable work has focused on the causes of some of
these extinctions, particularly those at the terminal Pleistocene,
what has been largely overlooked until fairly recently were the
consequences of the loss of millions of large-bodied mammals on
ecological landscapes (Smith et al., 2016b). Interestingly, it is only
recently that we have begun appreciating the extent to which even
near-time human activities have altered fundamental macroecological patterns (Smith and Boyer, 2012). For example, the
original studies on BSD were based on extant ecosystems and hence
did not include historical and/or prehistorical extinctions (e.g.,
Hutchinson and MacArthur, 1959; Brown and Maurer, 1987; Brown,
1995). To a large extent, this exclusive use of modern data reﬂected
the considerable difﬁculty of compiling large datasets in the pre/
early internet days and a lack of computing power (Smith et al.,
2008). Indeed, the ﬁrst global database of mammals (e.g., MOM
v1.0; Smith et al., 2003), which was constructed solely from the
literature, was not released until 2003. But, it also reﬂected a lack of
communication between biologists and paleontologists, who were
traditionally housed in separate departments and sometimes even

colleges. Until recently, the fossil record was not typically incorporated into ecological work. Yet, what is ‘past is prologue”
(Shakespeare, The Tempest, Act 2, Scene 1). Thus, incorporating
studies of past extinction events can help bring about a synoptic
understanding of what the decline and ultimate extinction of largebodied animals may mean in terms of lost ecosystem function (e.g.,
Malhi et al., 2016; Smith et al., 2016a,b). This is now a vibrant area of
research (e.g., Zimov et al., 1995; Johnson, 2009; Doughty et al.,
2010; Smith et al., 2010a, 2015, 2016a,b, 2018; Werdelin and
Lewis, 2013; Gill, 2014; Bakker et al., 2016; Pardi and Smith,
2016; Doughty et al., 2016a, b; Van Valkenburgh et al., 2016;
Lyons et al., 2016a; Galetti et al., 2017; Pires et al., 2017; Bibi et al.,
2017).
Here, we have explored a few of the large-scale patterns relating
mammal body mass to diversity, energy use and community
composition. We demonstrate that these macroecological patterns
have been altered in fundamental ways with the increased density
and expansion of humans over the late Quaternary, and subsequent
loss of megafauna. However, there were likely many other emergent properties of ecosystems impacted that we do not discuss.
Certainly, late Quaternary and future extinctions led, and will
continue to lead, to the reorganization of ecological communities
and shifts in the foraging niches of surviving species (e.g., Gill et al.,
2009; Estes et al., 2011; Dirzo et al., 2014; Gill, 2014; Keesing and
Young, 2014; Bakker et al., 2016; Smith et al., 2016b). But, the
impact has been almost certainly much more widespread (Myers
and Knoll, 2001). For example, the transition from the vast
‘mammoth steppe’ of the Pleistocene to the more waterlogged
habitats of the Holocene is at least partially owing to the absence of
grazing and other activities by large-bodied mammals such as
mammoth (Zimov et al., 1995; Johnson, 2009). Contemporary
studies demonstrate an important role of elephants in maintaining
grasslands and inhibiting woodland regeneration (Owen-Smith,
1989; Cumming et al., 1997; Whyte et al., 2003; Pringle, 2008;
Keesing and Young, 2014; Asner et al., 2016; Bakker et al., 2016);
because modern elephants are generally smaller than their Pleistocene congeners, this suggests extinct megaherbivores played an
even more substantial role. Similarly, extant equids play a signiﬁcant role in the dispersal of large-seeded plants (Western and
Maitumo, 2004), and presumably did so in the past. The cascade
of effects probably also inﬂuenced the distribution of smaller
mammals (Pardi and Smith, 2016; Smith et al., 2015; Van
Valkenburgh et al., 2016). And, the absence of large herbivores
likely altered biogeochemical cycling of nutrients such as carbon,
sodium and nitrogen (Schmitz et al., 2014; Doughty et al., 2016a, b),
as well as methane, an important greenhouse gas with global
climate implications (Smith et al., 2010a, 2016a). In the absence of
heavy grazing, water tables may have risen, leading to a slowdown
in the rate of nutrient breakdown and recycling, an increase in
organic matter accumulation and a decrease in soil fertility. Vegetative shifts inﬂuenced the albedo of the landscape changing heat
absorption and reﬂectivity (Doughty et al., 2010). Many other potential unpredictable ‘emergent novelties’ may arise owing to the
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absence of megafauna, including changes in the transmission and/
or frequency of disease, ecosystem homogenization, biodisparity
impoverishment, and even changes in the evolutionary process
itself (Myers and Knoll, 2001).
Our interest in characterizing fundamental macroecological
patterns goes beyond an exercise in demonstrating how they have
been altered by human activities over the late Quaternary. Modern
ecological science informs conservation and management decisions (Kingsland, 2002). Conservation biologists are especially
concerned with maintaining large-bodied species, characterizing
their role in communities, and developing an understanding of how
their loss may ‘unravel’ contemporary ecosystems. Coherent management decisions often employ quantitative data extracted from
fundamental macroecological patterns. For example, the size of a
wildlife reserve might be determined based on consideration of the
body size-range size relationship of a target species. As we have
shown, if this is done with modern data without regard to the
prehistorical pattern, a distorted picture may emerge. Indeed,
modern or future geographic ranges of mammals based on
contemporary patterns actually may not be large enough to sustain
viable populations (Ceballos and Ehrlich, 2002). Thus, an appreciation of deeper ecological history becomes increasingly imperative
for conservation efforts.
The inﬂuence of humans on Earth ecosystems and biogeochemical processes has increased over time as our species has
become more abundant, more widespread, and more technologically sophisticated. The advent of agriculture and the domestication
of plants and animals transformed the landscape (Smith and Zeder,
2013); today, more than 55% of the Earth's surface is urbanized
(Ellis et al., 2010). Moreover, there has been a fundamental shift
over the late Quaternary from a world of wild mammals to one
dominated by humans and our domesticated livestock (Barnosky,
2008; Smith et al., 2016a,b); today wildlife make up less than 10%
of terrestrial mammal biomass (Smith et al., 2016b). Largely owing
to ongoing human activities (Vitousek et al., 1997; Estes et al., 2011;
Dirzo et al., 2014), the remaining species of large-bodied mammals
on Earth are either vulnerable or endangered (http://www.
iucnredlist.org). Here, we show that body size and trophic downgrading has been ongoing since at least the late Pleistocene, and
moreover, that the loss of large-bodied mammals has already had
many consequences on ecosystems. Future extinctions, if not halted, will likely lead to any number of unanticipated effects (Estes
et al., 2011; Dirzo et al., 2014). Our analysis and review suggest
that human activities measurably inﬂuenced global macroecological patterns, biogeochemical processes and even potentially
climate long before the development of agriculture, complex civilizations and the industrial age. Indeed, the start of the Anthropocene arguably began with the evolution of our genus, Homo.
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