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1.

Introduction

Late Pleistocene megafaunal extinctions occurred globally
over a period of roughly 50,000 years, most severely affecting large (≥44 kg body mass) mammals in Australia, Eurasia,
and the Americas (Johnson, 2002; Barnosky et al., 2004;
Koch and Barnosky, 2006). Polarized debate about the causes
of the extinctions dates back to the nineteenth century,
centering on anthropogenic effects (especially hunting) and
climate (Grayson, 1984). Mathematical models have been
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developed since the 1960s that seek to explain the extinctions
(Budyko, 1967, 1974), but none have been entirely successful
in explaining observed extinction patterns. Here, we assume
that human hunting caused the extinctions and then go on
to develop and test a mathematical conjecture about Late
Pleistocene megafaunal extinctions that is more accurate in
accounting for the general pattern of extinctions, more transparent, and simpler than the best-known recent model (Alroy,
2001). Our approach emphasizes the value of minimalist,
transparent, open-access modeling efforts.
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2.
Reﬁning Late Pleistocene extinction
models
Alroy (2001) offers a computer simulation that purports
to demonstrate that human hunting alone adequately
explains Late Pleistocene megafaunal extinction patterns.
Alroy’s results have sometimes been interpreted (e.g., Koch,
2006) as lending strong support to the overkill hypothesis (i.e., that extinctions resulted from overhunting by
humans) as ﬁrst articulated by Martin (1967) and later
reﬁned and modeled by Mosimann and Martin (1975). Our
research indicates that such an interpretation of the modeling evidence is premature and potentially incorrect. Alroy’s
(2001) model performs slightly better than a simplest case
“model” that separates North American mammals into two
groups based on mass – with a boundary between 118 kg
and 223 kg – and assumes that all species above this
threshold went extinct while all those below it survived
(Fig. 1).
In part, Alroy (2001) assesses his model by comparing its
outcomes to those of this simple one-line method. Delineating such an extinction boundary on the basis of mass correctly
predicts 30 of 41 (73%) of actual survival–extinction outcomes,
while Alroy’s mechanistic model correctly predicts 32 of 41
(78%) of outcomes (Alroy, 2001). Alroy’s simulation brings a
welcome element of ecological interactivity to Late Pleistocene
extinction modeling, particularly in regard to its linkage

between predator hunting success and predator reproduction.
However, because the model simultaneously incorporates
multiple complicating factors and is not an open access
resource, it remains unclear how the simulation achieves this
slight improvement over a simplest case approach. Part of the
improvement might result from assumptions about the initial
abundances of rarer species with limited geographic ranges
(i.e., the pronghorns Stockoceros conklingi and Stockoceros onusrosagris) (J. Alroy, personal communication, 2006). Critiques
of common modeling approaches (e.g., Ginzburg and Jensen,
2004) suggest that part of the improvement might also result
from over parameterization (i.e., “ﬁtting” a model to a particular data set by adding numerous unconstrained parameters).
Such a suggestion is partially borne out by the depiction of the
numerous parameter combinations that were run in achieving
a best match to historical data (Alroy, 2001).
Many different models can explain a given situation (e.g.,
Brook and Bowman, 2004; Ginzburg and Jensen, 2004), but
the consequences of this fact have been overlooked in the
recent debate about Late Pleistocene extinctions. In the
absence of transparency and simplicity, competing models have very limited means of distinguishing themselves.
Given enough freedom to add parameters or assume particular values for critical parameters, a competent modeler can
achieve a desired result, whether that is general extinction
or survival of megafauna facing human hunting pressure.
But a simple model that performs well from the outset
is generally a more signiﬁcant achievement than a highly

Fig. 1 – Simple one-line method of predicting Late Pleistocene mammalian extinctions in North America. Alroy (2001)
achieves two additional correct outcome matches than this simplest-case method but does so at the expense of
considerable complexity and lost transparency. Data and method from Alroy (2001).
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parameterized model that reaches some desired goal after
considerable trial and error in ﬁtting to data (Ginzburg and
Jensen, 2004).

3.
Berezovskaya–Karev–Arditi (BKA) space
and the two-line method
Common sense suggests that larger species would be at
greater risk of extinction, because greater mass correlates with
numerous traits that increase extinction risk (e.g., decreased
maximal rate of population increase, rmax , increased home
range size, reduced population size) (e.g., Peters, 1983;
Johnson, 2002). Amongst the heaviest species (i.e., ≥500 kg),
both Alroy’s simulation and the single-line method perform
very well. Granted, there are exceptions, but those are to be
expected; mass correlates with many ecologically relevant
traits but not with all of them.
Both the single-line method and the Alroy simulation
perform poorly in predicting survival–extinction outcomes
among smaller species (i.e., those weighing ≤55 kg). Although
common sense suggests that smaller species should be at
reduced risk of extinction, a cluster of extinctions occurred
amongst these species. Intriguingly, however, ratio-dependent
functional response assumptions predict increased risk of
extinction at higher and lower prey masses with reduced
extinction risk at intermediate masses, thus laying the
groundwork for a promising alternative modeling approach.
Berezovskaya et al.’s (2001) elucidation of ratio-dependent
parameter space in single-predator, single-prey systems
provides the intuition for envisioning the more complex
parameter space of multi-prey systems. While the actual
dynamics of systems involving three or more species might
differ from those predicted by Berezovskaya–Karev–Arditi
(BKA) space, the math necessary to visualize that parameter
space does not exist. As a practical matter, then, we must begin
our inquiry by relying on the math we have and the intuition
it reveals. We have rescaled the original BKA parameter space
so that the x-axis represents the ratio of prey rmax to predator
rmax ; the y-axis remains unchanged in deﬁning ˛, the capture
efﬁciency of human hunters in dealing with prey (Fig. 2 and
Appendix A).
Within the gray parameter space, predator and prey coexist, while extinctions occur within the white parameter space.
Because rmax is inversely correlated with body mass, heavier species occur to the left of the x-axis and lighter species
occur to the right. At the point labeled “1,” rmax values for
predator and prey are identical. The dotted line represents
the simplest possible version of the assumed relationship
between capture efﬁciency and rmax /mass, i.e., smaller prey
species are assumed to be relatively easier to capture than
megafaunal species. (If the converse is assumed, megafaunal
extinction is an inevitable outcome that need not be modeled.)
Although represented as a straight line, the line may not be.
Presumably for human hunters the line must both start at and
eventually return to zero: humans are not known to prey selectively on mice-, vole-, and shrew-sized species, because the
caloric costs of such hunting exceed the beneﬁts. Two implicit
assumptions of our analysis are that all prey species considered are within the size range hunted by humans and that

Fig. 2 – Berezovskaya–Karev–Arditi Ratio-dependent
parameter space and its predicted extinction/coexistence
zones, where ˛ is the predator’s capture efﬁciency of the
prey species, rprey is the prey species’ maximal rate of
population increase;  is the predator’s death rate in the
absence of prey; and rpredator is the predator species’
maximal rate of population increase. Areas in yellow
represent parameter space permitting coexistence between
predator and prey; areas in white represent ecologically
unstable parameter space within which extinction will
occur. The dotted line indicates that when moving from left
to right along a gradient of increasing capture efﬁciency and
prey-to-predator maximal rate of population increase, two
extinction-prone regions bracket a region of coexistence.

prey mass correlates with susceptibility to capture by human
hunters.
The adaptation of BKA space we present provides an empirical basis for expecting that Late Pleistocene prey species of
intermediate mass would have been more likely to persist,
while those of greater and lesser mass would have faced an
increased extinction risk. The relation between body mass
and rmax in BKA space suggests a reﬁnement to the single-line
method of predicting extinctions based on body mass: using
two lines rather than one to subdivide the prey species list
and predicting extinctions both above the higher and below
the lower mass thresholds (Fig. 3).
The speciﬁc parameter values for ˛ remain unknown. As
yet, we have no reliable method of ascertaining the capture
efﬁciencies of vanished Paleoindian or aboriginal societies.
Nor has a speciﬁc allometric relationship been deﬁned that
would allow modelers to estimate capture efﬁciency based on
the mass of prey species. The current project explores reasonable ranges of these two unknown parameters. While the
lack of empirically constrained parameter values precludes
speciﬁcity, the relationship we identify offers a simple, reasonable empirical prediction of general anticipated extinction
patterns. That is, although modelers lack ˛ values and so cannot predict in advance exactly where the boundaries between
extinction and coexistence occur, we have a more accurate
method of predicting the overall extinction–persistence pattern and have gone some way toward explaining its ecological
underpinning. Under the prevailing circumstances of parametric uncertainty, this simple prediction recommends itself
for at least two reasons. First, it follows from a fully transparent model that is amenable to scrutiny or modiﬁcation.
Second, the model does not rely on over-ﬁtting or claim greater
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Fig. 3 – Two-line method of predicting Late Pleistocene mammalian extinctions. This simpliﬁed, intuitive approach achieves
two more correct outcome matches than Alroy’s (2001) opaque and much more complex method. Data from Alroy (2001).

precision than prevailing parameteric uncertainty can justify.
It is a simpler modeling tool but one that has the potential to
work.

4.

Methods

To test our hypothesis, we explored the parameter space
dynamics of a multi-prey system. We developed a onepredator, six-prey deterministic numerical simulation model
relying on ordinary differential equations. The prey growth
component generalizes as:



dNi
N
= rmaxi Ni 1 − i
dt
Ki



− f (·)i P,

(1)

where i = 1, 2, . . ., 6 with i representing the ith prey species, N is
the population size, K is the carrying capacity, f(·)i represents
the functional response form for the predator’s capture of the
ith prey species, and P is the predator density.
To determine whether functional response choices incorporating predator interference or prey sharing would provide a better match to observed extinction patterns, we
tested the model under three different functional response
assumptions: the Holling Disc Equation (“Type II” Prey
Dependence, which does not include predator interference),
Beddington–DeAngelis (a simple derivative of the Holling Disc
Equation incorporating a predator interference parameter,
i, which provides a measure of the time spent interacting

with other predators), and Ratio Dependence (which assumes
complete sharing of prey among predators, an assumption
consistent with a technologically sophisticated, cooperatively
foraging omnivore exploiting available prey) (see Table 1 for a
summary comparison of how the current model compares to
other major published Late Pleistocene extinction models).
Holling Disc/Type II functional response is represented by
the expression:
f (N)i =

ai Ni

1+

6

ahN
i=1 i i i

,

(2)

where a is the predator capture efﬁciency and h is the handling time (i.e., the time between a predator capturing one prey
item and the next). The Beddington–DeAngelis elaboration of
Holling Type II is represented by the expression:
f (N, P)i =

1+

6

ai Ni

ahN
i=1 i i i

+ iP

,

(3)

The ﬁnal functional response form, Ratio Dependence, is
represented by the expression:

f

N
P

i

=

˛i (Ni /P)

1+

6

˛ (Ni /P)
i=1 i

,

where ˛ is the predator capture efﬁciency.

(4)
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Table 2 – Prey Species Included in Models.

No
No
No
No
No
No
Yes
Special case
Special case
Holling II
Unique form
Holling III
Holling III
Holling II,
Beddington–DeAngelis,
and Ratio
Dependence
Yes
Yes
No
Yes
No
No
Yes

Yes

Winterhalder et al. (1988)
Winterhalder and Lu (1997)
Choquenot and Bowman (1998)
Alroy (2001)
Brook and Bowman (2002)
Brook and Bowman (2004)
Yule et al. (2009)

2 (hunted food,
gathered food)
1 or 2
Up to 4
1
42
1
1
6
Belovsky (1987, 1988)

Difference equation

No
Difference equation
1
Whittington and Dyke (1984)

Difference equation
Difference equation
N/A
Difference equation
Difference equation
Difference equation
Differential equation

Yes

No

No
No
1
Mosimann and Martin (1975)

Difference equation

1

Differential equation

No

Unrelated to prey
density
Unrelated to prey
density
Unrelated to prey
density
Special case

Yes

Species

Budyko (1967, 1974)

Form of model
Number of prey
species modelled
Model

Table 1 – Summary comparison of major Late Pleistocene extinction models.

Dynamic interaction in
predator–prey demographics?

Functional
response form

Full and transparent
presentation of model
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Capromeryx minor (Dimunitive pronghorn)
Pecari tajacu (Collared peccary)
Odocoileus hemionus (Mule deer)
Equus conversidens (Mexican horse)
Megalonyx jeffersonii (Jefferson’s ground sloth)
Mammuthus columbi (Columbian mammoth)

Mass (kg)
21
30
118
306
1320
5827

Status
Extinct
Surviving
Surviving
Extinct
Extinct
Extinct

The change in density of human predators is described by
the model’s ﬁnal equation:
dP 
=
ei FRi − 0.067P,
dt
6

(5)

i=1

where e is the predator conversion rate of prey to offspring and
0.067 is the predator death rate in the absence of prey. Here,
the predator growth rate is determined by the summation of
prey offtake minus a death rate in the absence of prey, creating
an explicit link between predator success and reproduction.
The six prey species we consider include both extant and
extinct species (Table 2). They were selected both to provide
a range of size classes and to include species that bracket
historical survival–extinction outcomes that are difﬁcult to
explain solely on the basis of allometric relationships between
body mass and rmax (Fig. 1). The species are: Capromeryx minor
(21 kg), Pecari tajacu (30 kg), Odocoileus hemionus (118 kg), Equus
conversidens (306 kg), Megalonyx jeffersonii (1320 kg), and Mammuthus columbi (5827 kg).
We constrained all parameters using established allometric
relationships when such relationships were known or by making explicit assumptions (Table 3). One key allometry remains
undeﬁned: the relationship between prey mass and predator
efﬁciency in capturing prey. Our secondary goal in constructing the model was to explore the unknown allometry for
capture efﬁciency, which involves two unconstrained parameters: the capture efﬁciency constant and capture efﬁciency
allometric scaling power. While the two varieties of capture
efﬁciency that occur in the functional response forms we
explore are analogous in terms of their biological meaning,
they have different units and so are not directly comparable. In the Holling II and Beddington–DeAngelis functional
responses, capture efﬁciency is denoted by a and is measured
in units of 1/time × individual. Under Ratio Dependence, capture efﬁciency is denoted by ˛ and is measured in units of
1/time. Regardless of units, the postulated allometric relationship between prey body mass, mi , and capture efﬁciency
are analogous, depending on some capture efﬁciency power,
PowerCE, for both functional response forms and one of two
constants, Ca and C˛ , which differ between the two functional
response forms, as follows:
a = Ca mPowerCE
i

(6)

˛ = C˛ mPowerCE
i

(7)

Without assuming that Ca = C˛ , we explored various estimates
of Ca , C˛ , and PowerCE by testing a wide range of parameter
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Table 3 – Parameterizations—allometric constraints and assumptions.
Parameter

Allometric power assumed

rmax (maximal rate of population increase)
K (carrying capacity)
e (conversion efﬁciency)

−0.36
−0.75
1

h (handling time)

1

a or ˛ (capture efﬁciency)

Unknown

combinations and evaluating the match between simulated
and actual extinction outcomes.
Our approach involved no difﬁculties for the Holling Type
II and Beddington–DeAngelis models, but one aspect of the
ratio-dependent model requires clariﬁcation in regard to a
potential complicating factor. The ratio-dependent functional
response contains the rational expression:
˛(N/P)
1 + ˛h(N/P)
Because the predator density, P, reaches zero for a variety
of parameterizations, the expression (N/P) becomes meaningless, causing the numerical simulation algorithm to produce
error messages. We addressed this issue by designing the
model to set functional response to zero when P equals zero.
Simulations were performed using a Mathematica notebook composed of three modules. The ﬁrst module performs
numerical simulations representing the interaction between
human predators and six prey species. The model requires

Source
Caughley and Krebs (1983)
Damuth (1987)
Assumption: all herbivore ﬂesh has equal per kg
nutritional value
Assumption: time to prepare and digest
herbivore ﬂesh is proportional to its mass
The parameter our model explores

nine input parameters that were held constant between all
simulations: initial predator abundance (deﬁned as a density
of 0.1 per km2 ), predator extinction threshold (deﬁned as a
density of 0.01 per km2 ), the mass of the each of the six prey
species, and the number of one-year time steps (500). The
initial module computes remaining parameters (i.e., carrying capacity, rmax , conversion efﬁciency, handling time) using
established allometric relationships or stated assumptions
(Table 3).
The output of this model is a set of six lists, each one representing a time series of abundances for the six prey species
and the population of human predators. The second module
analyzes these lists and looks for extinction events, which
are deﬁned as any prey population that decreases to 5% or
less of its carrying capacity. (Human carrying capacity is not
deﬁned a priori but is instead determined by hunting success.)
Once an extinction event is discovered, all other abundances
are set to the abundance at the time of the extinction
event.

Fig. 4 – Model ﬂow chart.
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Fig. 5 – Survival–extinction outcomes.

The third module deﬁnes parameter space in two dimensions: (1) the allometric constant for capture efﬁciency (Ca
or C˛ ) and (2) the allometric power for capture efﬁciency
(PowerCE). For each combination of parameters, the module
performs a numerical simulation and checks for extinction,
reiterating this process until all species are extinct or all
remaining species coexist for the full 500-year simulation
(Fig. 4). Exploring the two dimensions of the capture efﬁciency
allometry, this module color-codes each outcome and creates
a graphical representation of system stability (Fig. 5).
All simulations were performed using Mathematica version
6.0.2.1 and are available on request from the corresponding
author.

5.

Results

Changes in functional response form yielded only minimal
qualitative differences in survival–extinction patterns (Fig. 5).
Observed differences in the juxtaposition of particular outcomes occurred in only a small portion of the total parameter
space that we have no a priori justiﬁcation for identifying as
being particularly biologically relevant. Because we do not
know where reality falls in the parameter space, we have no
basis for suggesting that the particular outcomes associated
with particular parameter combinations represent or approximate actual events.
Survival–extinction outcomes depend on the combined
absolute magnitudes of hunting pressure (Ca or C˛ ) and the
relative susceptibility of prey species to human hunters,

PowerCE. Total extinction occurs in the top right region of
parameter space, where capture efﬁciency is highest and prey
mass has the least inﬂuence on how easy a prey item is to
capture. Predator extinction occurs in the bottom left region
of parameter space, where capture efﬁciency is lowest and
the highest mass prey species are signiﬁcantly more difﬁcult to capture. Predator–prey coexistence occurs in regions
of intermediate capture efﬁciency. The transition from coexistence varies between functional response forms but occurs
in the general region of PowerCE > −0.35, depending on the
overall intensity of hunting pressure (Ca or C˛ ). Where PowerCE < −0.35, stepwise extinctions eliminate species from
smallest to largest when hunting pressure is greatest. Where
PowerCE > −0.35, stepwise extinctions eliminate species from
largest to smallest at lower levels of hunting pressure. Increasing levels of predator interference lead to increasing system
stability (i.e., a larger region of coexistence). At higher interference levels, the transition that dominates the region of
parameter space explored is the extinction of high mass prey.
At lower interference levels, the transition that dominates is
the extinction of low mass prey. We observed no parameter
combinations yielding the result predicted by the BKA hypothesis.

6.

Discussion

The model we present assumes a starting human population
density of 0.1 per km2 in North America, depicting a scenario in which hunters and prey form a well-mixed system.
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Hunters take prey nonselectively on the basis of availability
(i.e., more abundant prey are more likely to be encountered
and hunted than rare prey; no prey species are given particular priority). The model then explores extinction dynamics
over a 500-year period of hunting. A spatially explicit model
following the movements of an advancing front of hunters –
as per Mosimann and Martin (1975) or Alroy (2001) – might
more realistically depict some aspects of predator–prey interactions. But for present purposes our approach recommends
itself for at least three reasons.
First, our goal was to examine the effects of functional
response in the absence of other factors; assuming a wellmixed system achieves that goal. Second, while adding a
spatially explicit component to the model might increase or
decrease extinction probabilities, it would probably not affect
the pattern of extinctions, and our goal was to assess patterns. Third, given the prevailing uncertainty about the time(s)
and route(s) of human entry into North America and growing knowledge of both Paleoindian foraging and the duration
of human–megafauna sympatry (e.g., Graf and Schmitt, 2007;
Mithen, 2004; Webb, 2006), our starting assumptions may reasonably approximate reality. Under the circumstances, then,
the current model allows for a preliminary assessment of
functional response’s potential role in clarifying Pleistocene
extinction patterns.
In our simulations, the coexistence transition that occurs
in the region of PowerCE = −0.35 represents the tipping point
between the relative importance of prey rmax and predator
capture efﬁciency. When PowerCE < −0.35, larger prey are so
much more difﬁcult to capture than smaller prey that they
persist despite their relatively low rmax values. Conversely,
smaller species are eliminated despite their relatively high
rmax values because of the extremely high hunting pressure they face. When PowerCE > −0.35, larger prey are only
marginally more difﬁcult to capture than smaller prey, and
their relatively low rmax values cannot compensate for hunting pressure. Conversely, in this region of parameter space the
relatively high rmax values of smaller species are sufﬁcient to
compensate for the reduced hunting pressure they face.
We ﬁnd no support for the hypothesis that ratio-dependent
functional response offers a superior explanation for Late
Pleistocene extinction patterns. All functional response variants demonstrate that the “single line” hypothesis provides a
reasonable baseline explanation for the extinction of either
larger or smaller prey species, depending on the relative
magnitudes of hunting pressure and prey rmax but not simultaneously in a manner that would provide a closer match
to observed extinction patterns. This negative ﬁnding raises
a matter of considerable importance in a broader modeling
context. Appropriate functional response choice is considered
to be critical for achieving ecologically realistic outcomes in
predator–prey models (e.g., Skalski and Gilliam, 2001; Fenlon
and Faddy, 2006). Yet our results indicate a predator–prey
context in which survival–extinction outcomes are relatively
insensitive to varied functional response choice.
We are left to explain the inability of all models to match
observed survival–extinction outcomes. If our results are correct, differences in functional response cannot account for
these shortcomings. Our results may represent evidence that
the functional response predictions of obligate predator–prey

Fig. 6 – Original representation of Ratio-Dependent
parameter space from Berezovskaya et al. (2001).

systems do not apply to multi-prey systems. It is also possible that predation alone cannot account for Late Pleistocene
extinction patterns, which would lend credence to extinction
scenarios involving predation along with other anthropogenic
or climate-related causes. It may also be that adding additional
complexity to the models (e.g., spatially explicit movement of
prey and predators, initial species abundance estimates based
on fossil data) would increase the ﬁdelity of model predictions.
That our simulations fail to match historical survival–
extinction patterns could also expose the limits of parameterizing such models. While we agree that allometric
relationships between body mass and relevant life history
traits underpin Late Pleistocene extinctions (Johnson, 2002;
Brook and Bowman, 2005) and represent the best available
means of constraining Late Pleistocene extinction models, we observe no fundamental differences in mass-based
survival–extinction outcomes in the models we assess. We
suggest the possibility that the best tool available to us in
constraining parameter values may be insufﬁcient. Allometric
relationships resolve in log scale regressions of a wide range of
values—a level of resolution that allows for one to two orders
of magnitude of uncertainty when assigning parameter values
to organisms of a particular mass range. Allometries are liable
to break down in the relatively small range between the smallest (21 kg) and largest (5827 kg) prey species we consider here
(Table 2). Such uncertainty allows for a wide range of plausible
outcomes, irrespective of functional response choice.
The one-line method follows biological intuition in
explaining higher extinction risk to be a consequence of
the lower maximal reproductive rates characteristic of larger
species. One plausible explanation for the failure of the
current model would be to assume that species violating
expectations were in one or more respects also biologically
idiosyncratic in violating allometric assumptions. Given the
freedom to assume that particular prey species violate allometric assumptions for one or more parameters, it would be
possible to exactly match observed survival–extinction outcomes (Fig. 1). But assuming idiosyncratic parameter values
without any empirical basis would represent an egregious
form of over-ﬁtting. Given our limited knowledge of the biological characteristics of extinct species, such a model would be
unfalsiﬁable. We are left to conclude that allometric constraint
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Fig. 7 – Preliminary back-transformation of Berezovskaya et al. (2001) parameter space, where ˛ is the capture efﬁciency, 
is the predator death rate, h is the handling time, e is the conversion efﬁciency, and rmaxR is the maximum intrinsic growth
rate of the prey. Note that certain regions of parameter space have variable outcomes that depend on initial conditions.

in Late Pleistocene extinction modeling involves serious and
perhaps insurmountable limitations, a novel observation.
Analysis of experimental predator–prey time-series trajectories are often insufﬁcient to distinguish between alternative
functional responses (Lundberg and Fryxell, 1995; Jost, 1998).
Logic suggests that parameterizations based solely on allometric patterns would allow for even less certainty.
Capture efﬁciency remains the most problematic parameter in Pleistocene extinction modeling. It can neither be
computed by studying extant hunter-gatherers (who occupy
relatively depauperate ecosystems and, to varying degrees,
rely on modern technologies) nor estimated by studying
archaeological evidence (which cannot provide the temporal resolution necessary to compute rates of prey offtake)
(Winterhalder and Lu, 1997). Nor is it clear how prey naiveté
inﬂuenced capture efﬁciency. Opinion is split as to whether

megafauna were naïve and therefore particularly vulnerable
to newly arrived human predators (e.g., Mosimann and Martin,
1975) or not (e.g., Wroe et al., 2004; Koch and Barnosky, 2006).
Our models consider a range of possible capture efﬁciencies,
and in so doing encompass this wide range of opinion. But our
research reveals no additional insights into the constraint of
the capture efﬁciency parameter.
We suggest that Late Pleistocene extinction modeling
should be subject to considerable skepticism both in terms of
its ability to explain survival–extinction patterns and, more
broadly, to support or refute particular extinction scenarios. Given the parameteric uncertainty involved, we consider
it highly unlikely that Late Pleistocene extinction models
will be capable of differentiating between extinction scenarios resulting from either single or multiple causes. We
ﬁnd no support for our hypothesis, because we observe no

Fig. 8 – Simpliﬁcation of Fig. 7 parameter space that assumes initial conditions which produce extinction prevail over those
that produce coexistence.
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Fig. 9 – Result of transforming the x-axis of parameter space (deﬁned as e/h) by subtracting predator death rate, .

Fig. 10 – Reinterpretation of x-axis as rmaxC , maximum intrinsic growth rate of predators. The resulting three regions
represent areas where predator populations either decline (rmaxC < 0), grow more slowly than their prey (rmaxC < rmaxR ), or
grow more rapidly than their prey (rmaxC < rmaxR ).

signiﬁcant differences in outcomes resulting from altered
functional response predictions. Under the circumstances,
however, we cannot differentiate between three possible
explanations for our negative result: (1) that our initial
hypothesis is correct, (2) that some other functional response
form might better explain Late Pleistocene survival–extinction
patterns, or (3) that observed survival–extinction patterns
are either unrelated or only partially related to functional
response.

7.

Fig. 11 – Final transformation: the x-axis is inverted and
multiplied by rmaxR to produce an axis that explains
stability in two regions of parameter space.

Conclusion

We present a simple, transparent hypothesis based on functional response choice that offers a general explanation for
how human predation might have led to extinctions among
larger and smaller prey species in Late Pleistocene North
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America—an area where previous models have been unsuccessful. The numerical simulations we present do not fully
support that hypothesis. Even using the best available methods for constraining parameterizations, the model we present
suggests that the consequences of adopting different functional response forms in this modeling context are minimal.
Such a result suggests to us a need for considerable caution in
both the design and interpretation of Late Pleistocene extinction models.
Our ﬁndings suggest that simple predator–prey models
alone – irrespective of functional response formulation –
cannot explain the observed pattern of extinction and survival that emerges from the Late Pleistocene. Our simulations
explored all reasonable allometric relationships between body
mass and prey vulnerability but could not explain the particular susceptibility to extinction displayed by both the smallest
and largest mammals modeled. This ﬁnding suggests that
other factors need to be considered in order to fully explain
these patterns. Including the full suite of 41 prey species,
allowing for movement of predators and prey over space,
assigning prey densities based on the fossil record, or various
other modiﬁcations may improve the ﬁt of the model. But such
reﬁnements must be made in a stepwise fashion so that the
importance of each factor can be understood. In addition, any
such additions must be based on reliable data and maximally
constrained so as to avoid over-ﬁtting.
We conclude that the difﬁculties with parameterization
in Late Pleistocene extinction models are considerably more
serious and pervasive than an occasional poorly computed
value in one model or another (e.g., Slaughter and Skulan,
2001). For the foreseeable future, predator–prey models of Late
Pleistocene ecosystems are unlikely to be precise enough to
differentiate between different extinction scenarios, particularly those in which multiple factors (e.g., climate, hunting,
anthropogenic habitat alteration) might be involved.

Appendix A. Transformation of Berezovskaya,
Arditi, and Karev (2001) parameter space
In their original publication (Berezovskaya et al., 2001), Berezovskaya, Arditi, and Karev present the parameter space of
Ratio Dependence using their original transformed variables
(Fig. 6).
These variables can be back-transformed into the more
familiar parameters employed in predator–prey equations to
indicate the qualitative outcomes expected within each region
of the space (Fig. 7)
We further simplify this space by assuming that the initial conditions that produce extinction will always prevail over
those that produce coexistence. This assumption is reasonable for assessing long-term stability: eventually most systems
will venture into the region that produces extinction, so we
only deﬁne coexistence in regions that persist at any set of
initial conditions (Fig. 8).
In the previously discussed versions of parameter space,
the x-axis is deﬁned as e/h. We transform this axis by subtracting the predator death rate,  (Fig. 9). This transformation has
two desirable effects: (1) it redeﬁnes the origin on the x-axis
such that predators only persist in the system in the positive
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region of the axis and (2) the x-axis becomes e/h – , which
has important biological meaning. In order to understand the
meaning of this axis, we must ﬁrst consider the inverse of
handling time, 1/h. This quantity represents the maximum
consumption rate of predators. If we multiply this maximum
growth rate by the conversion efﬁciency we get e/h, the maximum reproductive output of predators. Subtracting the death
rate of predators, we obtain the maximum net growth rate of
predators, e/h – . The x-axis can therefore be interpreted as
rmaxC , the maximum intrinsic growth rate of predators.
Using this new interpretation of the axis, three important
regions of the rmaxC axis emerge (Fig. 10).These three regions
represent areas where predator populations either decline
(rmaxC < 0), grow more slowly than their prey (rmaxC < rmaxR ), or
grow more rapidly than their prey (rmaxC < rmaxR ).
To further understand how the prey and predator maximum growth rates affect system stability, we make a ﬁnal
transformation. We invert the x-axis and multiply it by the
maximum growth rate of prey, producing an axis that explains
stability in two regions (Fig. 11). To the left of the point where
rmaxR /rmaxC = 1, predators grow more rapidly than their prey. To
the right of rmaxR /rmaxC = 1, predators grow more slowly than
their prey.
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