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Megafauna biomass tradeoff as a driver
of Quaternary and future extinctions

Anthony D. Barnosky*

Department of Integrative Biology and Museums of Paleontology and Vertebrate Zoology, University of California, Berkeley, CA 94720

Earth’s most recent major extinction episode, the Quaternary
Megafauna Extinction, claimed two-thirds of mammal genera and
one-half of species that weighed >44 kg between ~50,000 and
3,000 years ago. Estimates of megafauna biomass (including hu-
mans as a megafauna species) for before, during, and after the
extinction episode suggest that growth of human biomass largely
matched the loss of non-human megafauna biomass until ~12,000
years ago. Then, total megafauna biomass crashed, because many
non-human megafauna species suddenly disappeared, whereas
human biomass continued to rise. After the crash, the global
ecosystem gradually recovered into a new state where megafauna
biomass was concentrated around one species, humans, instead of
being distributed across many species. Precrash biomass levels
were finally reached just before the Industrial Revolution began,
then skyrocketed above the precrash baseline as humans aug-
mented the energy available to the global ecosystem by mining
fossil fuels. Implications include (/) an increase in human biomass
(with attendant hunting and other impacts) intersected with cli-
mate change to cause the Quaternary Megafauna Extinction and
an ecological threshold event, after which humans became dom-
inant in the global ecosystem; (ii) with continued growth of human
biomass and today’s unprecedented global warming, only extraor-
dinary and stepped-up conservation efforts will prevent a new
round of extinctions in most body-size and taxonomic spectra; and
(iii) a near-future biomass crash that will unfavorably impact
humans and their domesticates and other species is unavoidable
unless alternative energy sources are developed to replace
dwindling supplies of fossil fuels.
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he Quaternary Megafauna Extinction (QME) killed >178
species of the world’s largest mammals, those weighing at
least 44 kg (roughly the size of sheep to elephants). More than
101 genera perished. Beginning ~50,000 years (kyr) B.P. and
largely completed by 7 kyr B.P., it was Earth’s latest great
extinction event. The QME was the only major extinction that
took place when humans were on the planet, and it also occurred
at a time when human populations were rapidly expanding
during a global warming episode. Thus, the QME takes on
special significance in understanding the potential outcomes of
a similar but scaled-up natural experiment that is underway
today: the exponential growth of human populations at exactly
the same time the Earth is warming at unprecedented rates.
Causes of the QME have been explored primarily through
analyzing the chronology of extinction, geographic differences in
extinction intensity, timing of human arrival vs. timing of climate
change, and simulations that explore effects of humans hunting
megafauna (1-11). Results of past studies indicate that human
impacts such as hunting and habitat alteration contributed to the
QME in many places, and that climate change exacerbated it.
Potentially added to those megafauna stressors was the explosion
of a comet over central North America, which may have helped
to initiate the Younger Dryas (YD) climatic event, and which
may have caused widespread wildfires, although those ideas are
still being tested (12).
Whatever the cause of the QME, one thing is clear: there was
a dramatic change in the way energy flowed through the global
ecosystem. The energy that powers ecosystems is derived from
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solar radiation, which is converted to biomass. Before the
extinction, the energy needed to build megafauna biomass was
divided among many species. After the extinction, increasing
amounts and proportions of energy began to flow toward a single
megafauna species, humans.

Humans are, by definition, a megafauna species, with an
average body weight of ~67 kg for modern Homo sapiens and 50
kg for stone-age people, placing us at the lower end of the
body-size distribution for megafauna as a whole (Fig. 1). Previ-
ous work has demonstrated that, as human biomass grows, the
amount of solar energy and net primary productivity (NPP)
available for use by other species shrinks, ultimately shrinking
the amount of the world’s biomass accounted for by those
non-human species (13-16). Therefore, growth of human bio-
mass should be inversely related to biomass of other species in
general and to other megafauna species in particular, given that
large body size itself to a large extent depends on available NPP.
Such energetically driven biomass tradeoffs provide a new way
to explore the QME and have the potential of extracting general
principles relevant to understanding the future. That is the
approach I take here, one that necessarily has many caveats (see
Methods), but that nevertheless leads to some interesting
observations.

Details of the QME and debates about its causes are summa-
rized in recent reviews (2, 4, 10, 17). Salient points include the
following. It was a time-transgressive extinction, beginning by 50
kyr B.P. in Australia and largely ending there by 32 kyr B.P.,
possibly concentrated in an interval between 50 and 40 kyr B.P.
(9-11). In northern Eurasia and Beringia, extinctions were later
and occurred in two pulses, the first between 48 and 23 kyr B.P.
and the second mainly between 14 and 10 kyr B.P. (4), although
some species lingered later in isolated regions (Irish elk until 7
kyr B.P. in central Siberia and mammoths until 3 kyr B.P. on
Wrangel and St. Paul Island) (18, 19). In central North America,
extinctions corresponded with the second Eurasia-Beringia
pulse, starting at 15.6 kyr B.P. and concentrating between 13.5
and 11.5 kyr B.P. (4, 20). In South America, the extinction
chronology is not well worked out, but growing evidence points
to a slightly younger extinction episode, between 12 and 8 kyr
B.P. (21).

Extinction intensity varied by continent, with Australia, South
America, and North America hard-hit, losing 88% (14 extinct, 2
surviving), 83% (48 globally extinct, 2 extinct on the continent,
10 surviving), and 72% (28 globally extinct, 6 extinct on the
continent, 13 surviving), respectively, of their megafauna mam-
mal genera. Eurasia lost only 35% of its genera (4 globally
extinct, 5 extinct on the continent, 17 surviving). Africa was little
affected, with only 21% loss (7 globally extinct, 3 extinct on the
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Fig. 1. Body-size distribution of mammals in North America. The black bars
illustrate the distribution of species that went extinct in the QME. Note that
humans are at the lower end of the distribution for species that went extinct.
Illustration modified from ref. 17; see that source for similar distributions of
fauna from other continents.

continent, 38 surviving), including at least three Holocene
extinctions.

Humans evolved in Africa, and hominins have been interact-
ing there with megafauna longer than anywhere else. Insofar as
they are dated, there is no correlation between human arrival or
climate change for the few African extinctions. In general,
extinctions in Australia intensified within a few thousand years
of human arrival ~50 kyr B.P. but did not correspond with
unusual climate change. Extinctions in northern Eurasia corre-
sponded in time with the first arrival and population expansions
of H. sapiens, but both pulses also were concentrated in a time
of dramatic climate change, the first pulse at the cooling into the
Late Glacial Maximum (LGM) and the second pulse at the rapid
fluctuation of YD cooling followed by Holocene warming (2, 4).
Other species of Homo had been interacting with the megafauna
for at least 400,000 years without significant extinctions before
H. sapiens arrived. In Alaska and the Yukon, the first pulse of
extinctions corresponded with LGM cooling but in the absence
of significant human presence; the second pulse coincided with
humans crossing the Bering Land Bridge and with the YD and
Holocene climatic events. In central North America, extinction
was sudden and fast, coinciding with the first entry of Clovis
hunters, the YD-Holocene climatic transition, and the pur-
ported comet explosion. In South America, humans were already
present by 14.6 kyr B.P., megafauna did not start going extinct
until Holocene warming commenced some 11 kyr B.P., and
species of ground-sloths, saber cats, glyptodonts, and horses have
seemingly reliable radiocarbon dates as young as 8 kyr B.P. (21).

Few islands ever had non-human megafauna sensu stricto.
That, and the fact that even human biomass of islands is very
small compared with the continents, caused me not to consider
them in this analysis. However, it is important to note that, on
nearly every island where humans have landed, extinctions
(especially of birds) and wholesale habitat destruction have
shortly followed.

Results and Discussion

Species Loss vs. Human Population Growth. The numbers of
megafauna species lost were modest until the human growth
curve began its rapid exponential rise between 15.5 and 11.5 kyr
B.P. (Fig. 2). Then, species losses accelerated, primarily in the
Americas, until the non-human megafauna baseline leveled off
at 183 species, where it more or less remains today. However,
human population continued to rise dramatically even after the
counts of non-human megafauna species stabilized.

Biomass Crash. When converted to biomass, the inverse relation-

ship between humans and non-human megafauna is evident (Fig.
3). Non-human megafauna biomass fell dramatically between
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Fig.2. Number of non-human megafauna species that went extinct through
time plotted against estimated population growth of humans.

15.5 and 11.5 kyr B.P., concomitant with the initial steep rise in
human biomass.

Summing the biomass calculated for humans and non-
megafauna species provides a way to track changes in overall
megafauna biomass through time (Fig. 4). The results suggest
that biomass loss from the early megafauna extinctions in
Australia and the first pulse of extinctions in Eurasia and
Beringia were almost exactly balanced by the gain in human
biomass.

However, global megafauna biomass crashed dramatically
between 15 and 11.5 kyr B.P. The crash reflects the second pulse
of extinction in Eurasia—Beringia and the major extinction pulse
in North and South America. This crash is evident in every one
of the sensitivity tests, so it does not appear to be a computation
artifact. The crash also remains evident when the biomass added
by domestic species that support humans, pigs, sheep, goats,
cattle, are included beginning 11 kyr B.P. Even using unreason-
ably high proportions of domesticates to humans (i.e., assuming
today’s proportions even at the dawn of animal domestication)
fails to make the crash disappear.

Significantly, even though human biomass was rising dramat-
ically at the time, that rise was not enough to balance the biomass
lost from the megafauna that were going extinct. Therefore,
more was at work than a simple biomass tradeoff among
megafauna. The suddenness of the crash, its magnitude, and its
distribution across three continents suggest a global threshold
event (36, 37). Threshold events by definition are sudden
changes to alternative ecosystem states induced either by some
gradual change reaching a critical value or by abnormally strong
perturbations. In either case, the net effect is to push the system
from one “basin of attraction” (in this case, a world where
megafauna body mass is distributed across many species) into a
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Fig.3. Estimated biomass of humans plotted against the estimated biomass
of non-human megafauna. See Methods for parameters used.
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Fig. 4. Change in the sum of human and non-human wild megafauna
biomass through time. The brackets indicate when extinction pulses hit the
respective geographic areas. See Methods for parameters used.

different one (a world where most megafauna body mass is
concentrated around humans). The cause of the QME threshold
event may well reflect a synergy of reaching a critical value of
human biomass at the same time that ecologically unusual
perturbations came into play. The unusual perturbations in-
cluded increasingly sophisticated hunting of megafauna by peo-
ple, habitat alteration by growing human populations, climate
changes that would have decreased total global ecological energy
at least temporarily, and possibly a comet impact.

The potentially dramatic effects of hunting (so-called overkill)
have been most convincingly demonstrated by simulations of the
effects of Clovis hunters first entering North America (1), which
occurred just as global human biomass began to steeply rise.
Those simulations suggest that hunting alone would result in
many extinctions, because humans killed megafauna for food (1).

Similarly comprehensive simulations have not yet been done for
other continents, but at least indirect human impacts (including
habitat alteration and fragmentation) seem likely, given the coin-
cidence of the megafauna biomass crash after first entry or mark-
edly increasing population sizes of humans into various regions.
These coincidences include first entry of humans into South Amer-
ica (near 14.6 kyr B.P.) and the entry and population growth of H.
sapiens into Eurasia (from ~40 kyr B.P.). Entry of humans also
precedes the QME in Australia, although there, both were earlier
than the worldwide biomass crash. In parts of Australia (38), North
America (39), and South America (40), the evidence for indirect
human impacts includes sedimentary records of increasing fire
frequency, potentially indicating widespread habitat alteration
through human-set fires. The indirect or direct role of humans in the
QME also is suggested by the observation that the main megafauna
survivors had habitat preferences that would have kept them
farthest from humans (41).

Also coincident with the megafauna biomass crash was rapid
climatic cooling, then warming as the YD gave way to the
Holocene. In the Americas, where most of the extinction was
concentrated, the tail end of the LGM, then the YD cooling,
depressed NPP in at least the northern hemisphere. A slightly
earlier YD-like cooling did the same in South America, just as
humans began to interact with the non-human megafauna.
Likewise, YD cooling was pronounced in northern Eurasia at the
time of the world biomass crash.

If the evidence for a comet explosion over North America
stands the test of time, NPP available to megafauna would have
been further depressed at the time of the big extinction pulse.
Large tracts of land are thought to have burned, and the
explosion itself may have triggered the YD cooling in the
northern hemisphere through opening the way for massive
amounts of cold glacial meltwater to flood into the North
Atlantic (12).
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Fig. 5. Semilog plot of the sum of human and non-human wild megafauna
(dots) and the sum of human, wild, and domestic megafauna (triangles
connected by line). Yellow bar indicates the timing of the YD-Holocene
climatic event that led into the current interglacial. See Methods for param-
eters used.

Biomass Recovery. At the crash, megafauna biomass fell below its
previous baseline value (Fig. 4). Then, beginning ~10 kyr B.P.,
it began to build back up. By that time, the energy bottleneck that
accompanied the crash was over. Global NPP was increasing as
Holocene temperatures warmed, more land area was being
exposed as glaciers melted, and there were fewer megafauna
species on Earth among which to split the energy allocation.
Even so, it took thousands of years for megafauna biomass to
build back to precrash levels. The way it built back up was
fundamentally different from the way it had been before,
because virtually the entire recovery was by adding human
biomass; the biomass of non-human megafauna remained
virtually unchanged.

In terms of ecosystem dynamics under threshold models (36,
37), the biomass trajectory suggests that the global ecosystem
crossed a threshold when the crash occurred. In the precrash
state, megafauna biomass was distributed among many
megafauna species, each with a relatively narrow ecological
niche. In the postcrash alternative state, megafauna biomass
concentrated in one species, humans, which has a very broad
ecological niche. That means that ultimately humans were
successful in coopting energy previously shared among other
species with big bodies. It also means that not only are those
extinct megafauna gone forever, but also there is no potential for
new megafauna species to evolve into the “megafauna space” as
long as humans are so abundant. In that respect, we have
decreased biodiversity for as long as we remain abundant on
Earth.

Recognizing the length of time it took the global ecosystem to
recover to the precrash baseline depends on assumptions that
were explored in the sensitivity tests. What I regard as the most
reasonable input parameters result in the data illustrated in Fig.
5. That scenario includes domestic livestock, humans, and wild
species as megafauna biomass and leads to two important
observations.

First, the buildup of human-associated megafauna biomass,
even in the absence of the extinct megafauna, took ~9,700 years
to reach precrash levels. That indicates that recovering from
global ecosystem shifts takes much longer than the shift itself.
Even the sensitivity test that gives the fastest recovery time
(unreasonably using large carnivore density equations for all
species) requires 8,000 years to reach precrash megafauna
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biomass. The lesson is that if another threshold causes changes
as dramatic as the QME, Earth’s recovery will be far in the
future, and not something the next few generations would see.

Second, the point at which biomass recovery is reached is very
close to the beginning of the Industrial Revolution (Fig. 5) or at
most 700 years before that (the sensitivity test noted above). This
suggests that humans were unable to exceed the normal, pre-
crash, solar-energy-limited baseline until we began to add to the
global energy budget through mining fossil energy out of coal,
oil, natural gas, and related sources. As soon as we began to
augment the global energy budget, megafauna biomass skyrock-
eted, such that we are orders of magnitude above the normal
baseline today.

Conclusions

When examined in the light of megafauna biomass tradeoffs, the
cause of the QME becomes clearer, and implications for the
future emerge. In essence, the QME begins to stand out not just
as a major extinction event but also as an example of how
threshold effects change the global ecosystem, and what new
threshold events may be in sight.

In the specific case of the QME, a global crash in megafauna
biomass resulted when the coincidence of at least two events
constricted the share of ecological energy allotted to each
non-human megafauna species. One event was a time of rapid
growth in human biomass, which meant an inordinate supply of
NPP began to be consumed by a single megafauna species. The
other was a probable temporary reduction of NPP as the YD
cooling hit both of the Americas and northern Eurasia (42).
Exacerbating the global energetic constraints were the first entry
of humans into the Americas, increasingly sophisticated hunting
strategies and wider disruption of habitats, and possibly a comet
explosion over North America.

In the general sense, the QME has four lessons. First, the
global ecosystem is in a fundamentally different state than
before the megafauna biomass crash. In contrast to the distri-
bution of resources among the 350-plus megafauna species that
were alive before the QME, most of the energy available to
megafauna species in the post-QME world was coopted by
humans. What is left after that is being subdivided among only
183 (plus or minus) other non-human megafauna species. It is
perhaps comforting from a biodiversity standpoint that those
other 183 species have remained on Earth since the crash. That
may speak to a reasonable amount of stability in the alternative
state the global ecosystem reached after the QME threshold
event, at least in pre-Industrial times. It is also consistent with the
expectations of ecological threshold theory.

Second, the Industrial Revolution elevated Earth’s carrying
capacity for megafauna biomass. However, despite that increase
in carrying capacity, ~50% (>90 species) of those megafauna
species that persisted so well for the previous 10,000 years have
become extinct, critically endangered, endangered, or vulnerable
to extinction in the past few decades, including >40% of the
megafauna species of mammals in Africa, the only continent that
made it through the QME largely unscathed. For mammals as a
whole, 25% of the 4,629 species known on Earth fall in the
critically endangered through vulnerable categories. This sug-
gests that not only has all of the “extra” carrying capacity been
used by humans, but also we are beginning, as happened during
the QME crash, to steal from the part of the global energy budget
allotted to other megafauna species. We are also going farther
and using energy previously allotted to species in even smaller
body-size classes. Under business-as-usual scenarios, the inevi-
table result will be another biomass crash that moves down the
body-size classes relative to the QME event.

Third, that the normal biomass baseline was exceeded only
after the Industrial Revolution indicates the current abnormally
high level of megafauna biomass is sustained solely by fossil fuels.
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If biodiversity is actually a tradeoff between human biomass and
other species’ biomass, as both the QME and theoretical con-
siderations indicate (13-16), then depletion of fossil fuels with-
out replacement by alternative energy sources would mean that
a biomass crash is imminent, this one depleting human biomass
and causing extinction in a wide spectrum of other species.
Reliable projections on the number of years into the future that
fossil fuels can sustain the global ecosystem at current levels vary,
but generally are in the area of 50 more years for oil, 200 more
years for natural gas, and 2,000 more years for coal (43). Thus,
without technological breakthroughs, the next biomass crash
could be in as little as a few human generations.

Fourth, it may be no coincidence that the QME did not occur
until the intersection of growing human biomass and climate
change that ultimately manifested as global warming. Climate
change, either cooling or warming, itself produces adjustments
in geographic range distribution and population size that can
lead to extinction (44—49). Add to that the overall reduction of
NPP that must have occurred with YD cooling, the indirect
coopting of energy by rapidly growing human biomass, and direct
human displacement of megafauna by killing and habitat alter-
ation, and the combination becomes particularly lethal. Today,
we stand at a similar crossroads, because growth of human
biomass in the past few decades has moved us to the point where
we are beginning to coopt resources from, further displace, and
cause extinctions of species with whom we have been coexisting
for 10,000 years. At the same time, Earth’s climate is warming
even faster than the rates of climate change that characterized
the QME.

Recognizing the tradeoff between human biomass, non-
human megafauna biomass, and non-human biomass in general
highlights the need for extraordinary efforts to conserve the
world’s remaining biodiversity (16). Business as usual will not
stave off severe biodiversity losses. The energetic constraints
that underlie the biomass tradeoff mean that, as human biomass
grows, the only way other species can persist is through conscious
stepped-up efforts to save them, by such actions as setting aside
reserves, enforced protection of existing reserves, and efficient
and sustainable food-production practices. It is particularly
urgent to act upon the knowledge that the high level of
megafauna biomass today, which means humans, can be sus-
tained only by developing alternative energy resources to replace
the dwindling supply of fossil fuels.

Methods

Dating Conventions. Unless otherwise noted, dates are expressed as calendar
years before present (kyr B.P.).

Timing of Extinctions on Each Continent. | used supporting information table
1 in ref. 4 to place the extinction of each megafauna species in one of the
following temporal bins: <100 kyr B.P., 100-50 kyr B.P., 50-15.5 kyr B.P.,
15.5-11.5kyrB.P.,and 11.5-0.5 kyr B.P. The latter bin is cut off at 500 years ago
to exclude recent extinctions. As far as is known, before 500 years ago, the last
megafauna species extinction was 3,000 years ago. Despite being somewhat
coarse, these bins are adequate to examine the biomass tradeoff at the
order-of-magnitude level of resolution to which the rest of the data are
appropriate.

Estimating Human Biomass. Hern (22) provided estimates of the numbers of
hominins on Earth from the approximate first appearance of Homo habilis
some 3 million years ago up to the number of H. sapiens projected to occur in
approximately the year 2455. His estimates, based on calculating doubling
times for hominin and human populations, were constrained by the fossil
record of human evolution, by archaeological information, and by historical
and demographic records up to 1999. | used his estimates for the numbers of
people on Earth at a given point in time and multiplied that by the average
weight of a person to estimate global human biomass for each time slice of
interest. Following logic detailed in Hern (22), average weight for a human
was considered 50 kg up to ~400 years ago, and 67 kg thereafter.

Barnosky
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Estimating Non-Human Megafauna Biomass. In principle, megafauna biomass
for a given species is calculated by multiplying the average body mass by the
number of individual animals. To estimate this and produce the figures in this
article,  used the following parameters. Average body mass values were taken
from a recent compilation (23). For the few species not listed in that compi-
lation, | used values for similarly sized animals that were listed. Number of
individual animals per species was estimated in the following way. First, there
is a correlation between body mass and population density, that is, individuals
per km? (24-26). To estimate density, | used regressions from ref. 25: for large
herbivores, density = —0.44 X log(kg body mass) + 1.01; and for large
carnivores, density = —1.31 X log(kg body mass) + 1.22. Second, megafauna
species typically have geographic range sizes that average between 7% and
9% of the area of the continent on which they live. For Australia, | estimated
the geographic range size of each megafauna species to be 7.8% of the
continental area, or ~600,000 km? (27). For Africa, Eurasia, North America,
and South America, geographicrangessizes were sett0 8.6%, 8.1%, 8.2%, and
7.2% of the respective continental areas (28-30). For each species, estimated
density was multiplied by estimated geographic area to give an approximate
number of individuals, which was then multiplied by estimated mass per
individual.

Continental area was not constant through the time spanned by the QME,
because during glacial times, nearly one-half of North America, about one-
tenth of Europe and northern Asia, and a small percentage of South America
were covered by glaciers. This loss of land was offset only to a very small extent
by the exposure of currently submerged land with the lower sea level of glacial
times. To account for varying continental area in the estimates of geographic
range size, continental area during glacial times was considered to be 50% of
its current size for North America, 90% of its current size for Europe and
northern Asia, and 95% for South America. For the transitional time ~10 kyr
B.P., area for these continents was set at the intermediate values of 75%,
0.95%, and 98% of their current respective sizes.

Biomass of Domestic Stock. To obtain a maximum value for the biomass of
domesticated megafauna, | calculated the present proportion of human
biomass to domestic stock biomass as tabulated by Hern (22). | then used that
proportion to back-calculate the maximum biomass of domestic stock, given
the estimated biomass of humans, going back to 10.5 kyr B.P., by which time
pigs, goats, sheep, and cattle were first domesticated (31-35). For time slices
up to 6 kyr B.P., only pigs, goats, and cattle were included in the domestic
livestock count. More recent time slices also included horses, buffalo, camels,
chickens, ducks, turkeys, and catfish. Clearly for prehistoric times, this method
provides an overestimate of domestic stock biomass, because no one would
argue that the first ranchers had as many domestic stock per person as is the
case presently. However, because the purpose of this part of the analysis was
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to see whether domestic stock compensated for a reduction in wild
megafauna, the overestimation actually makes the conclusions more robust.

Sensitivity Tests. Sensitivity tests were conducted to assess how robust the
general trends were to varying assumptions about density and geographic
range size, on which the calculated biomass value for each species depends.
Calculated density was varied by applying the regression equation for large
carnivores (25) to the whole dataset at one extreme (results in least biomass),
by applying the regression equation for large herbivores (25) to the whole
dataset at the other extreme (results in most biomass), and by applying an
average density equation to all species, density = —0.77 X log(g body mass) +
3.98 (24). One test also assumed a 10% increase in density of the megafauna
that survived after the QME. Assumed geographic range size for each species
was variably set between ~9% and 5% of the area of the continent on which
the species lived. Varying these parameters does not alter the general trend of
biomass change through the QME. Varying them does affect the absolute
values calculated for biomass and the amount of time indicated for biomass
recovery but not in ways that obviate the main conclusions of this article.

Caveats. Methods used here are intended to give simply an order-of-
magnitude indication of how biomass changed through time and identify
times of major biomass crash and recovery. The calculations are necessarily
coarse. Exact values change given different inputs to the estimations, but the
sensitivity tests make it seem unlikely that the important trends are simply
estimation artifacts. Additional refinements would be desirable but are be-
yond the scope of this initial work. Such refinements ideally would include
body mass vs. density regressions tailored to each species, refining the geo-
graphic range estimates for each species through niche modeling, and assess-
ing details of the relationship among megafauna biomass, potentially avail-
able NPP, and available solar energy as estimated from climate and vegetation
models. It would also be useful to accumulate region-by-region estimates of
both human and non-human biomass through time. Despite leaving room for
such refinements, this first effort highlights some overall trends that appear
robust.
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