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Abstract: Primates are among the most threatened taxa,
with more than balf of all species in jeopardy. In this paper
we develop population models to use the kind of data on
wild primates that primatologists actually collect. Qur sur-
vey of recent primate journals suggests that the average field
study uses 1.5 years of data from 50 animalis. The models are
based on the simple Leslie-Lefkovitch matrix They suggest a
simple metbod that allows assessment, from a few years’
data of whetber a population is collapsing and requires
intervention. To a good approximation, populations will
collapse when adult survival per inter-birth interval, is less
than 70 percent.

Modifications of the basic model incorporate more realis-
tic assumptions about social organization and density-
dependent resource limitation. These allow us 1o identify
population densities at which potential Allee effects operate,
and permit more precise estimates of the minimum popula-
tion sizes and compositions required for successful reintro-
ductions to the wild The most important result is that pop-
ulations of primates that live in small family groups may be
more prone io “"demographic” extinction than are more pro-
miscuous species that live in more extended groups

Paper submitted 7/25/88; revised manuscript accepted 5/10/89.
* Presenit address is Department of Biology, EEB Group, Princeton
University, Princeton, NJ 08544-1003
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Resumen: Los primates estdn entre los taxa mas amenaza-
dos, con muds de la mitad de todas las espectes en peligro. En
este informe desarrollamos modelos de poblaciones para
utilizar el tipo de datos que los primatologos recopilan so-
bre primates en estado silvestre. Nuestra revision de revistas
recientes sobre primatologia, sugiere que un estudio de
campo, en promedio, utiliza 1.5 anos de datos sobre 50 an-
imales. Los modelos estan basados en la matriz simple de
Leslie-Lefkovitch. Estos sugieren un metodo simple que per-
mite evaluar con datos de solo algunos anos si una pobia-
cion estd colapsando y, por lo tanto, requiere de interven-
cidn. Una buena approximacion sostendria que las
poblaciones colapsan cuando la sobrevivencia de la pobla-
cion adulta en los intérvalos entre nacimientos es menor al
70%.

Las modificaciones del modelo bdsico incorporan premi-
sas mds realistas sobre la organizacion social y las limi-
tantes de recursos que dependen de la densidad. Esto nos
permite identificar densidades de poblaciones en las que po-
tencialmente operan efectos de Allee y estimar mds precisa-
mente el tamarnio minimo de poblacidn y la composicion
poblacional requeridos para una reintroduccion existosa a
g vida silvestre.

El resultado mds importante es que las poblaciones de
primates que viven en pequesios grupos familiares son mds
propensas a la extincicn “demogrdfica " que aquellas espe-
cies mds promiscuas que viven en grupos mds grandes
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Introduction

Conservation biologists are attempting to preserve the
227 extant species of primates through a range of ap-
proaches (Benirschke 1986). Most populations of non-
human primates number 300 to 100,000, making their
total populations smaller than rnost small human cities
or towns (Jolly 1985; Mittermeier 1986). Although gov-
ernments have set aside reserves where whole commu-
nities of primates may be preserved, land development
and exploitation continue to encroach upon the remain-
ing regions of primate habitat Additional pressure on
primate populations comes from hunting and from live-
capture for captive colonies and research {Diamond
1985; Mittermeier et 2l. 1986; Wolfheim 1983). Re-
searchers can monitor only a handful of these threat-
encd communities, and furthermore, they can oaly
study a few of ezch community’s species in depth (Bour-
licre 1985; Terborgh 1983; Waser 1987). At the most
endangered level of this spectrum, captive breeding
ptograms maintain genetic diversity (Jones 1986; West-
ern 1986); it is hoped that these programs will save
some species for eventual reintroduction to the wild
(Lyles & May 1987; May & Lyles 1987; Kleiman 1989).

In 2 1975 report, the United States National Research
Council officiallv recognized the alarming declines in
primate populations. The report called for increased
study of primate population dvnamics to identify factors
that affect a habitat’s carrying capacity and to develop
management guidelines for sustained harvesting of
popuiations. The report did stimulate more collection
of information on primate population dynamics, but
lack of standardization made comparative analyses dif-
ficult. The 1981 publication, Techniques for the Study
of Primate Population Ecology (National Research
Council) provides a better basis for studying primate
demography. Now, aithough the need for primate
population management is recognized (Johnson &
Whitehair 1986), few other quantitative guidelines ex-
ist.

Determining a population’s status with only limited
demographic data looms as the urgent problem facing
many conservation-minded primatologists (Southwick
et al. 1986). Our goal is to design some relatively simple
models that reveal as much as possibie about primate
population dynamics from limited amounts of available
data. Qur hope is that such models can allow useful
insights into factors that determine the ability of endan-
gered populations to persist.

We begin with a literature survey to show the type of
data commonly collected in primate field studies. We
then develop some simpie population models where we
assume that mortality and fecundity are independent of
a hypothetical primate’s population size. We then add
mathematical functions to mimic the affects of social
organization on reproductive success. These models ex-
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aminec the dynamics of primate populations in the ab-
sence of resource limitations (e.g., populations that are
recently introduced into a new habitat, those that are
unnaturaily small because of poaching, or those that are
extensively provisioned in parks, large zoos, or artificial
colonies). The model is next adjusted for populations
where resource requirements, predation, or disease act
in some way to regulate population growth. These mod-
cls are more appropriate for less disturbed, free-living
populations of primates. In both cases 2 broad array of
behavioral mechanisms are condensed into a few simple
mathematical functions. In cach section we have at-
terupted to keep the amount of mathematics to a mini-
mum and have depicted all significant results graphi-
cally.

Survey of Primatological Field Studies

To determine the type of data normally collected in
current primate field work, a survey of the recent liter-
ature was undertaken. The survey covers the 234 papers
with field observations of natural primate populations
published during the five years 1981 through 1985. It
encompasses the four major primatology journals: the
American Journal of Primatology, Folia Primatologia
the International journal of Primatology, and Pri-
mates {additional details are presented in Appendix 1).

Roughly one quarter { 16-34 percent) of the articles
in these journals were devoted to field studies. Of these,
about a tenth are ficld surveys or community or com-
parative studies with data from multiple genera. How-
ever, most studies (79 percent) concentrate upon single
populations of one species. Nearly half (45 percent) of
the research takes place in Africa and Madagascar, with
Asiz and the Neotropics ¢laiming respectively 31 per-
cent and 24 percent of the papers. The geographical
origin of publications has become more equitable than
it was from 1931 to 1981 (Southwick & Smith 1986).
‘The survey includes 55 percent of the extant primate
genera, although 58 percent of the papers are devoted
to only four genera: Alouatta, Macaca, Papic, and Pan.
As illustrated in Figure 1, most papers focus upon be-
havior, while information on ecology or populations
(particularly those aspects relevant to behavioral ecol-
ogy) is often given as well.

Ideally, demographic data should be compiled from
large numbers of known individuals that are observed
for many generations. In reality, the mean number of
subjects is around 50, though the range, from 1 to 7,000,
is large! Primates are individually identified in half the
studies, and data are usually provided for several social
groups. Thus, while the number of study animals is
smaller than one might wish, the quality of data for these
individuals is usually very good. Unfortunately, the du-
ration of studies tends to fall short of even one genera-
tion: the median length of observation was only 1.5

Conservation Biology
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Figure 1. Percentage of papers published in the pri-
mate literature (1981-85) containing data pertain-
ing to each of five different categories of primate
research. (Appendix 1 gives a full definition for each
category.)

yvears. In general, most primate field studies last for
about as fong as it takes to satisfy doctoral research
reguirements.

The tendency for cooperative study of single popula-
tions (46 percent of studies) mitigates the short-
duration problem to some extent. If the individual stud-
ies occur sequentially, cooperative research makes
possible the collection of long-term demographic infor-
mation. Collaborators, unlike independent researchers,
tend to recognize individual subjects (X = 66.0,df =
1, p < 0.001). A collaborator’s paper more often has a
behavioral focus than does an independent researcher’s
(X* = 4.8,df = 1,p = 0.03). The collaborator’s data
also tend to cover longer timne spans (mean = 3.2 ver-
sus 1.6 years: Figure 2). Longer studies more often in-
clude data on populations and ecology (X* = 8.7 and
10.1, respectively, d.f. = 1, p < 0.01), and these data are
for greater numbers of animals (X = 4.9,df = 1,p =
0.03). Excepting some unusually productive indepen-
dent research, cooperative projects tend to produce
more demographic data. Unfortunately, publication of
this long-term information is erratic: cooperative
projects produced from O to 14 papers per year, with an
average of 2.8 znnually.

To supplement our five-year survey, we collected ad-
ditional estimates of basic demographic rates from pri-
mate populations studies (Table 1). Good estimates are
often available for fecundity, and useful data are some-
times available for adult survival. One frustrating feature
of the table, however, is the absence of parameter esti-
mates for which data must be available. The importance
of publishing this data cannot be overemphasized;
complete sets of demographic data zre only available for
9 of the 50 populations.
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Figure 2. Frequency distribution of duration of pri-
mate studies. The vertical axis gives the number of
studies; the horizontal axis gives the duration of the
study in years. In each case the column to the left of
the bash mark gives data for studies undertaken by
individuals and the data to the right gives data for
cooperative studies.

The review confirms that demographic interests per
se provide limited motivation for primate studies. Ex-
trapolating from the 2 percent of the American Society
of Primatologist's membership who claim ecological
specialization (Dukelow 1983), probably only a small
fraction of primate researchers are trained to use eco-
logical methods. Furthermore, few primate field re-
searchers live in countries with wild primates (Terry
1983).

Simple Models of Primate Population Dynamics

Our survey suggests that models for primate popula-
tions must find ways to accommodate data from rela-
tively small studies of short duration. Under these cir-
cumstances, management decisions must be based on
crude estimates of demographic parameters supple-
mented with extrapolations from related species. We
therefore adopt an approach to primate demography
that assumes that only limited time or facilities are avail-
able to ascertain basic demographic parameters. Instezd
of attempting to develop a species-specific life table
analysis, we develop a general model based upon the
Leslie matrix (Leslic 1945, 1948). Models of this type
usually require age-dependent estimates of survival and
fecundity. They have previously been applied to several
specific primate populations (e.g., Altmann ct al. 1985;
Rawlins & Kessler 1988). However, when data are lim-
ited, large errors are likely to be present in estimates of
survival and fecundity for animals at different ages. Re-
peated multiplication of these estimates in fully age-
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Table 1. Primate life history data.
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Age at  Birth Suru Surv.  Annual
Species and Feeding Type Study  Number  first rate to to Ist adult
study site level ofpop. years  studied reprod (hyr) age ! reprod mort References
Alouatta pailiata
B.C.L, Panama 0 N 197377 =56 =4 048 =06 =(.37 =0.18 Frocehlich ¢t al. 1981
Guanacaste, Costa Rica 0 ND 197078 >33 35 0.53 0.59 _ 0.03 Glander 1980
Ateles geoffroyi
B.C.L, Panama 0 I 197580 12 =6.5 0.38 - _— —  Milton 1981
Cebueilla pygmaea
Maniti, Peru Q N 1976=-77 2-9 - 1.70 0.67 _ —  Soini 1982
(twin) (6 mths)
Cercapithecus aetbiops
Amboscli, Kenya 0 N 197780 11-28 — 073 0.40 — — Chency et al. 1981
North Senegal 0 N 1975-76 3347 _— =0.50 0.65 — 0.15  Galat & Galat-Luong
1977
Samburu/Isiolo, Kenya o N 1977-80 37—40 - 0.58 0.59 — —  Whirten 1983
Lolui island, Uganda 1 D 196364 _ - 0.83 — - — Gartlan 1949
§t. Kitts, West Indies 1 D 1971-73 465 _— 0.83 —_ - - McGuire 1974
Barbados, West Indies 1 1 1979-83 12-19 =4 1.20 =07 =0.5 - Horrocks 1986
Sepulveda, California, 4 VA 197583 1423 4.1 1.00 0.90 0.90 _— Fairbanks & McGuire
USA 1984
Cercopithecus mitus
Kibale, Uganda ] N 1977-80 11-24 — 6.21 0.90 o —  Burynski 1982
{6 mths)
Macaca fasicuiarts
Ketambe, Sumatra 0 N 1980~84 -— — 0.65 0.80 —_ —  van Schaik & van
Noordwijk 1983
Macaca fuscata
‘Mo Kawaradzke, Japan 0 N 1972-"4 100 -— 0.52 0.04 — Ikeda 1982
Mt. Kuniwari. Japan 0 N 197579  13~i7 — 0.44 0.74 070 0.12 Maruhashi 1982
Shiga Heights B, Japan 0 N —_ —_ —_ 0.33 0.53 —_ —_ Suzuki et al. 19735
Mt Rvozen, Japan 0 N 197480 2060 6.7 0.34 073 0.57 0.026 Sugivama & Chsawa,
1982
Koshima Islet, Japan 1 N 195263 20-50 53 0.46 0.96 - 0.03% Mori 1979
Koshima [slet, Japan 1 N 1972-"7 =105 6.8 0.32 Q.31 — 0.081 Mor 1979
Shiga Heights A, Japan 2—i N 1962-75 _ - 0.51 0.86 —_— —  Surukietal. 1975
Mt Ryozen, Japan 3 N 196573 45-80 52 0.59 0.82 0.52 0.008 Sugivama & Ohsawa
1982
Ohirayama, Japan 3 I 195769 e —_ 0.58 0.76 — — Tanaka et al. 1970
(6 mths)
Koshima Islet, Japan 3 N 196471 50-120 6.2 0.67 08s —_ 0.021 Mori 1979
Laredo, Texas. USA 3 ] 197479 130-222 59 0.18 0.93 0.64 =009 Fedigan et al. 1983
Gouzoules et al. 1982
Arishivarna A, Japan 3—4 N 195474 34=158 506 0.73 0.90 —_ —_ Kovama 1980: Koyvama et
al. 1975
Arishivama B, Japan 34 N 197577 210-270 — 5368 — — —  Takahara 1980
Takasakivama, Japan 3—i N 1950~75 —_ 5 0.63 0.89 - —  Itani 1975; Ohsawa et al.
1977
Rome Zoo, ltaly 4 1 1977-81 27-51 — 0.86 — - --  Scucchi 1984
Macaca mulatia
Dunga Gali, Pakistan 0 N 1978-79 =290 _— 0.8 0.55 -_— - Melnick 1981 {in
Richard 1985)
Aligarh District, India 1 N 195977  0-36 -— 0.77 082 =008 0.7 Southwick etal 1980
Chhatari, Aligarh, India 1-2 N 1959-77 8132 — 090 084 =030 009 Southwick et al. 1980
Kathmandu, Nepal 2 N 1975-78 292-358 — 0.62 0.78 0.41 0.22 Teas et al. 1981
LaParguerz, Pueric Rico 3 I 1962-72 106-364 4.0 0.73 0.83 0.63 — Drickamer 1974
Cayo Sandago, PR, USA 3—4 D 1955-62 30-130 =4 .80 0.92 - 0.065 Koford 1965
Cayo Santizgo, P.R, USA 34 1 1976-83 5%-306 =4 0.80 093 =080 0068 Rawlins ctal 1984
Tuglagabad, India 4 N 198083 28-133} - 082 >096 0.96 _ Malik et al. 1984
CPRC, Davis, USA 4 A 197779 — 54 - 0.81 071 —  Smith 1982
Yerkes, Georgia, USA 4 A 1972=77 -— 38 0.84 - —_ -~  Wilson et al. 1978
Macaca sinica
Polonnaruwa, Sri Lanka 0-1 N 1968-72  8-43 =5 069 =047 0.15 =0004 Ditrus 1975, 1977
Anuradhapura, $ei Lanka 0-1 ND 196871 - - 0.69 0.64 - 0.11 Dictus 1975
Macaca sylvanus
Ain Kahiz, Morocco 0 N 196869  14-39 —_ =(.5 - _ —  Deag 1984
Algeriz V] N 1983-84 16—44 5 0.2-10 0.17-1.0 — —_ Menard <t al. 1985
Gibraltar 4 I 1936-80 2030 4.7 0.49 093 090 0011 Fa 1984
Salem, FRG 4 1 1977-83 81-178 48 =05 092 - ~—  Paul & Thommen 1984
Papio anubis
Gilgil. Kenya 0 D 1971-81 48-100 58-7.7 4371 - — 0052 Strum & Western 1982
Papio cynocephalus
Amboseli, Kenya 0 N 1963-83 28-7% =6 0.55 0.47 —  0.1-15 Alwmann et al 1977,

1981, 1985

Conservation Biclogy
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Table 1. Continued.
Age at  Birth Sury. Surv.  Annual

Species and Feeding Type  Study  Number  first rate to to Ist  adult
study site level ofpop. years  studied reprod (fyr) agel reprod mort References
Papio bamadryas

Erer, Ethiopiz 0 N 1971=77 61-69 61 =05 0.82 0.64 —  Siggetal 1982
Presbytis entellus

Kanha, India 0 N 1980-83 =30 — 0.75 - —_— —  Newton 1986

Dharwar, India 1-2 D 1961-63 17 — 0.86 - — -  Sugiyama 1965

Abu, India =2 D 197174 14-24 —-— 0.27 — -_— — Hrdy 1977

Jodhpur, Indiz 2-3 D 1967-82 8-82 3.4 0.85 0.62 - —  Winkler et al 1984
Theropithecus gelada

Gich, Ethiopia 0 N 1973-74 16-112 -_ 15~40 0.82 - 006 Ohsawa 1979

{6 mths)

Sankaber, Ethiopia Q N 1971-74 85-289 4—45 037 =05 =088 ~—  Dunbar 1980
Gorilla gorilla

Virunga, Rwanda/Zaire 0 D 1972-75 12 10.1 036 =060 —_ —  Harcourt et al. 1981
Pan trogiodytes

Bossou, Guinea 0 N 197683 19-21 _ 0.23 _— —_ —  Sugiyama 1984

Gombe, Tanzania 2-3 N 1965-83 3160 14 0.19 0.73 0.59 0.08 Goodall 1983

Mahale, Tanzania 2-3 N 1965-83 =100 13 0.13 0.63 — —  Haraiwa-Hasegzwa et al

1984

Pongo pygmaets

Tanjung Puting. Borneo -— N  1971-75 58 15 =0.2 =0.91 — —  Galdikas 1981

These data were collected from the published literature on 53 primate populations. The data and abbreviations used in each column are:
Feeding level: 0 = no artificial provisioning; I = occasional light provisioning; 2 = regular, light provisioning; 3 = regular, heavy provisioning:
4 = entirely dependent upon zantificial provisioning. The data for different populations of the same specics are ordered by increasing provisiomng

rate.

Type of population: N = natural, D = disturbed. [ = introduced, A = artificial,

Study years: when the population was studied.

Number studied: total number of individual animals in the study population during the course of the study.

Age at first reproduction in vears.
Birth rate average number of offspring born per female per vear,

Surtival to age one proportion of offspring that live to age one {in four cases data is only available w age 6 months).
Survival to first reproduction: proportion of offspring that survive 1o begin breeding,
Annual adult mortality: proportion of adult populauon dyving ¢ach year.

structured models is likely to lead to uncontrolled error
propagation. Therefore, models for species conservation
need to balance the number of parameters required to
characterize a population agzinst the data available to
estimate those parameters.

Here we avoid the complexities of a fully age-
structured model by noting that for most primate spe-
cies, age at first reproduction is approximately three
times the average interbirth interval (Fig. 3, Lyles &
Dobson 1988). However, group-living primate species
tend to have slightly earlier ages at first reproduction
than monogamous ones, and captive populations may
have earlier ages at first reproduction than free-living
ones (Lyles & Dobson 1988). Nevertheless, this useful
approximation allows construction of a more managable
stage-structured model (rather than age-structured)
called a Leficovitch matrix {Lefkovitch 1965). The pop-
ulation is coarsely divided into three stage classes: in-
fants, I; immatures, J; and aduits, A; with time normalized
into “inter-birth interval” units. The effects of changes in
individual life-history parameters for a wide range of
primate species may thus be systematically compared
within 2 common framework. When age at first repro-
duction, 4 is two inter-birth intervals, the basic model
can be written as:

Conscrvation Biology
Volume 3, No. 4, December 1989

I 0 O FAN) !
J =|ss 0 o0 |[-|J (1)
A O s s A

+1

Here s equals the survival of an immature or adult
through one inter-birth interval time unit, # is the rela-
tive density-independent survival of an infant through
its first inter-birth interval, and F equals the maximum
female fecundity through one time unit. In this model,
our primary concern is the female portion of the pop-
ulation. The function relating fecundity to population
density, f{V,), allows examination of the dynamic con-
sequences of different rypes of social organization or
resource use; this will be discussed in the next section.
Initially we assume that all females find mates and that
postadolescent survival is constant. Let us also assume
that adult females can always produce one offspring dus-
ing each inter-birth interval, and thus a daughter every
two intervals. Though simple, these initial assumptions
capture the essential features of primate demography.
First we concentrate on one key demographic vari-
able, A, the intrinsic rate of increase of the population,
essentially the rate at which the population sizc changes
during the course of one interval. If A is greater than
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Figure 3. The relationship between age at first repro-
duction and inter-birth interval for primates. The
data are taken from Harvey & Clutton-Brock (1985),
and are given as means for each subfamily (less
than 10 percent of the variation in these parameters
occurs at lower taxonomic levels) The numbers cor-
respond to each of the following subfamilies: (1)
Lemurinae, (2) Lorisinae (3) Galignae, (4) Tarsidae
(5) Callitrichidae, (6} Callimiconidae, (7) Cebinae,
(8) Alouattinae, (9) Atelinae, (10) Aotinae, (11)
Cercopithecinae, (12) Colobinae, (13) Hylobatidae,
and (14) Pongidae. The solid line has slope three, the
upper dashed line has slope four, and the lower
dashed line has slope two.

unity, populations increase; if A is less than unity, pop-
ulations decline and will eventually go extinct. in the
absence of any density dependence (ie. ANt) = 1), A
is given by solving the expression

oo SF

Thus the population will only be able to maintain itself
when

SIF>1 -5 (3)

Adult and infant survival rates that result in A greater
than unity are depicted in Figure 4 for three different
relative ages at first reproduction, Populations with ¢
and s that give values of A greater than unity will grow,
or will be constrained at some carrying capacity by re-
source limitation. Populations with values of A less than
unity will decline to eventual extinction.

Nine populations from Tabie 1 have sufficient data to
estimate ¢ and s. These estimates are superimposed on
the isoclines of Figure 4; long-term population trends
for four of these populations are iliustrated in Figure 5.
These data confirm the utility of this simple approach by
illustrating that stable and growing populations of pri-
mates have values of A greater than unity (Figs. 5a, ¢, and
d), while declining populations may be identified by
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Figure 4. Diagram of values of i and s that give rise
to either increasing or declining populations The
isocline for A = 1 separates populations that tend to
increase (above the line) from those that tend to col-
lapse; lines are drawn for three relative ages for first
reproduction: 2, 3, and 4 inter-birth intervals Data
Jor nine populations from the survey in Table 1 are
superimposed upon the diagram (the symbol for
each species corresponds to its appropriate age at
Jirst reproduction). The data used are (a) Allouatta
palliata on Barro Colorado fsiand, Panama (Froeb-
lich et al 1981). (b) A. palliata at Guanacaste, Costa
Rica (Glander 1980). (¢ and d) Macaca fuscata at My
Ryozen, Japan (Sugivama & Obsawa 1982b); the
data for (d) are from a period when the population
was artificially provisioned (e f and g) M. fuscata
at Koshima Islet, Japan (Mori 1979); (e) were lightly
Dbrovisioned, () beavily provisioned, and (g) received
no provisioning. (b) M. fuscata at Laredo, Texas
(Fedigan et al 1983), a previously provisioned troop
transported and left to "relearn” its foraging skills
(i.j) Provisioned M. mulata on Cayo Santiago, Puerto
Rico; (i) 1959-62, Koford (1965), (j) 1976-83, Raw-
fins et al (1984). (k) M. sinica at Polonnaruwa, Sri
Lanka (Dittus 1975, 1977). (1) M. sylvanus at
Gibraitar (Fa 1984). (m) Papio cynocephalus at Am-
boseli, Kenya (Altmann et al 1977, 1981, 1985). (n)
Pan troglodytes at Gombe, Tanzania (Goodall 1983).

low values of / and s (Fig. 5b). In particular, the Japanese
macaques transferred to Laredo, Texas (Fedigan et al.
1983), and the baboons in Amboseli, Kenya (Altmann et
al. 1985), have values of A less than unity. The data from
the Japanese macaques at Koshima Islet (Mori 1979) are
particularly informative since this population exhibited
a period of slow growth when lightly provisioned. a
period of rapid growth following increased provision-
ing, and a decline when artificial provisioning ceased
(Fig. 5a). Appropriate changes in the estimates of A are
obtained for the different periods of study (Figs. 4e, f,
and g).
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Social Structure and Allee Effects

Social organization in primates varies from monoga-
mous pairs to large promiscuous groups (Smuts et al.
1987). Ultimately, interactions berween the social sys-
tem and the distribution of resources and predators de-
termine social organization (Jolly 1985; Terborgh & Jan-
son 1986; Wrangham 1980, 1987). These interactions
influence rates of birth, death, immigration, and emigra-
tion, which in turn produce group-size frequency dis-
tributions indicative of the underlying social svstem
(Cohen 1969, 1971, 1972). Data from several long-term
studies suggest that these distributions are either Pois-
son or negative binomial in form (Fig. 6). We also note
that habitat fragmentation will tend to break popula-
tions into groups of different sizes. We assume that frag-
mentation’s dynamic consequences for group size may
be modeled by one of these frequency distributions.

Behaviorat ecologists customarily assume that females
in estrus will be inseminated. The probability that preg-
nancy will result depends on a variety of physiological
variables: we assume that these remain constant in ma-
ture females. When modeling populations that may be
threatened with ¢ollapse, it is worth reconsidering the
assumption that all females are mated. The ability of
females to find mates is likely to depend both on pop-
ulation density (Allee 1931) and on the degree of sub-
division of the population into either social or “habitat
fragment” groups. Assuming negligible female-female in-
terference in mate-finding at low population densities,
the probability of insemination depends on the duration
of female receptiviry, the social group's size, the number
of males in each group, and male promiscuity.

We can exarnine rating probabilities by using func-
tions originally derived for parasitic helminths {May
1977), and by using frequency distributions of group
sizes to characterize key demographic aspects of pri-
mate social organization and habitat fragmentation. The
functions give the probability of a female being insem-
inated, f,(V), for either of the two distributions. In the
Poisson case, which corresponds to primates living in
groups of random size, the expression is of the form

£ =[1 - [ - vDEma + )T (4)

Figure 5. Observed patterns of population density for
Sour primate populations. (A) (e f, and g in Fig 4)
M. fuscata at Koshima Islet, Japan (Mori 1979); (Ip)
lightly provisioned, (bp) beavily provisioned, (np)
artificial provisioning ceased (B) (m in Fig. 4)
Papio cynocephalus at Amboseli, Kenya (Altmann et
al 1985). (C} (n in Fig 4) Pan twroglodytes at Go-
mbe, Tanzania {Goodall 1983). (D) (i and j in Fig
4) Provisioned M. mulatta on Cayo Santiago, Puer-

to Rico (data from Rawlins et al 1984).
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Figure 6. Frequency distributions of group sizes in
wild primate populations The data in (a) are for
orang-utans in Borneo, from Mackinnon (1974) in
Coben (1975). The data in (b) are for bowler mon-
keys on Barro Colorado Island, from Carpenter
(1962). The data in (c) are mixed data for two spe-
cies of baboons in East Africa (see Coben 1969 ). The
top frequency distribution conforms to a Poisson,
while the lower two are truncated negative binomial
distributions (see Coben 1969).

Here N is the total number of females in the population,
T is the number of troops (or fragments) they are di-
vided into, m is the number of males per female in the
population (the sex ratio), p is the average number of
females each male mates with (an index of promiscu-
ity), and I' is a phenomenological parameter that may be
coarsely considered as an index of the length of time it
takes for mates to associate with each other before suc-
cessfully consorting; larger values of T’ lead to reduc-
tions in the frequency of successful matings.

A similar function may be derived for the case where
troop size is distributed as a negative binomial (May
1977):

£ = [1 =11+ Wmem + ) (5)

Here k is a parameter of the negative binomial distribu-
tion that varies indirectly with the degree of aggregation
of the individuals into troops of different sizes. The
other parameters are as in Table 2. The influence of
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Table 2. Parameters used in the models described in this paper.

survival of adulit females per inter-birth interval
scaling paramneter for survival of infant primates; the
product sf gives infant survival during the first
inter-birth interval of life.

-
nn

F = number of female offspring produced by a female in
one inter-birth interval; here assumed to equad 1/2.

a = age at first reproduction in inter-birth time intervals.

A = the rate of increase of the population per inter-birth

interval.

T = the number of troops a population is divided into.

m = the adult sex ratio, expressed 2s number of males per

femaie.

= the average number of females ezch male mates with,

an index of the length of dme it takes for mates (0

consort with each other.

= a paramecter of the negative binomial distribution that

inversely characterizes the degree of aggregation of
individuals in troops.

b = a parameter of the density-dependent function that
determines how closely offspring production is linked
to available resources.

K = a parzmeter of the density-dependent function that
determines the level of availzble resources.

r MW
f

social organizations on mating probability is illustrated
in Figure 7. Although the probability of insemination
always increases with population size, females of species
characterized by variability in group sizes have much
higher chances of mating at low population densities
than do females of species characterized by more equi-
table group sizes, though the latter do better at higher
population densities.

The functions that coarsely represent different ex-
tremes of social organization (equations 4 and 5) may

0.7

0.5 =

0.4 o

Mating peotobiuty, | 1{N}

0.3

¢.2 -

0.t ~

0.000 10.000 20.000 20.000 #0.000 30,000
Fupation wp, W
k=10

-] Paine - ° [WCR-R

Figure 7. The influence of different characteristic
Jrequency distributions of group size on the proba-
bility that a female locates a potential mate. The
lowest line (1) depicts the case for a Poisson distri-
bution of group sizes, the intermediate curve ( + ) is
for a partially aggregated distribution (k = 1.0),
and the top line ( Q) indicates the case for a bighly
aggregated distribution, k = 0.1 In ali cases the
Dopulation is assumed to be divided into four troops
(T=4)withp = 1.0m= 10 andT = 10
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be substituted into equation 1. An expression for the

threshold population density, Ny the numbers of indi-

viduals required to establish a reintroduced population,
may then be obtained by soiving this expression at equi-
librium (Appendix 2). Populations that exceed this
threshold will grow, those that are less than it will de-
cline to extinction. For the Poisson case the threshold is
given by

T*=T(1+m)m 1
pm 1_[l—s]

1T (6)

siF

While for the negarive binomial case, the threshold oc-
curs at

71 + mk 1 (/1 +4)
= Y -1

-]

*>

T

)
We first note that because fiV,) can only reduce fe-
cundity, the ability of the population to persist still re-
quires that the inequaliry in equation 3 be met (A > 1).
This result is independent of the function used to mimic
an Allee effect. The influence of the other parameters on
threshold population size are depicted in Figure 8.
These resuits suggest a new and important insight
into the management of primate populations: $pecies
that tend to live in aggregated groups with promiscu-
ous mating will establish and maintain themselves at
smaller population densities than species with more
solitary and monogamous babits Social organization is
thus a crucial consideration in determining the popula-
tion densities required for reintroductions, and in de-
termining the threshold densities below which endan-
gered populations are likely to collapse.

Density-dependent Resource Limitation
and Primate Demography

In wild primate populations, some form of resource lim-
itation must ultimately set a population's upper level of
abundance (Dittus 1977, 1979, 1980; Dunbar 1987,
Lyles & Dobson 1988; Strum & Western 1982). Differ-
ential allocation of food resources according to social
dominance, both within and berween groups, deter-
mines the physical condition and hence the survival and
fertility of different females (Dunbar 1987; Fedigan
1983; Silk 1987; van Schaik 1983; Waser & Starling
1986; Wrangham 1987). In hard years only occupants of
the richest ranges may be abile to reproduce. At low
population densities only the best habitats might be
used; as population density increases, ranges will ex-
pand into lower quality territories, perhaps leading to
decreased fecundity. Similarly, while membership in a
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Figure 8. (a} The influence of variations in the sex
ratio on the threshold population density, N.°, below
which the population collapses. The curves are
draum for Poisson group sizes with sex ratio
expressed as males per female Thresholds are illus-
trated for two values of p (the level of promiscuity);
the upper case illustrates the relationship when p =
1 (=monogamous), the lower for p = 5 (promiscu-
ous). In both cases the time taken for mates to con-
sort is relatively short (T = 2). (b) This figure illus-
trates the influence of average duration of mating
activity, T, on the threshold population density. The
lower curve is for primates aggregated in four troops
with k = 0.5; the upper case is for a Poisson distri-
bution of troop sizes. In both figuress = i = 0.8
and F = 05

large group may afford better access to resources or
protection from predators, it may also be energetically
costly because of intra-group competition (Janson &
van Schaik 1988; van Schaik 1983; Wrangham 1980). In
seasonal environments, resource limitation may only
operate periodically, usually during the dry season
when animals are obliged to use “keystone plant
resources” (Terborgh 1986). Thus, at very high popu-
lation density, group ranges may contract and rates of
encounters between individual group members may in-
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crease. In turn, this may lead to increases in aggression
and even in mortality (Cheney 1987). Dittus (1977,
1979) has hypothesized that aggression and affiliated
behaviors ultimately mediate density-dependent regula-
tion in primates.

Although a variety of subtle behavioral mechanisms
influence the relationship between population density,
mean fecundity, and social organization, we make no
artemnpt to discuss their relative merits. Instead, the sa-
lient features of the regulatory mechanisms will be cap-
tured by 2 population-level model. Here we ignore the
effect of mating system (i.c., equations 4 and 5) and
assume that the probability of each female producing an
infant in a troop of size N is now given by the function

L) = 11 + (WK (8)

This Ranction was originally described by Sheperd
(1982); it is a modification of one that Fowler (1981)
suggested is sensible for large mammal populations.
Two parameters determine the relationship between fe-
cundiry and population density (Fig. 9). One of these, b,
determines how fecundity is linked to per capita re-
source abundance; the other, K varies with resource
abundance. When b is greater than unity, birth becomes
highly dependent upon the carrying capacity of the en-
vironment; when b is less than unitv, the fecundit® is
less closely linked to population density. The former
case corresponds to tight linkage of social interactions
with availability of food or other limiting resources,
while the latter corresponds to looser linkage. Essen-
tially we assume that increasing resources will lead to
greater carrying capacities. This will mean that the so-
cial mechanisms that influence fecundity will come into
play at higher population densities.

We can again include the density-dependent function
into our basic matrix framework (equation 1), but now
allow the birth rate of female infants to depend on the
total number of adults and immatures in the population.
Analytical details of the model's properties are given in
Appendix 2; here we present the more translucent re-
sults. Total equilibrium population density is now given
by the expression

s iF ]wb)

N'=K[(1 ~5)

(%)

Thus population size varies directly with the level of
resource abundance K and inversely with the strength
of the recruitment parameter b. Simpie proportionality
gives the numbers in each subsection of the population,
with s¥* adults, (1 — s)¥V* immatures, and [(1 -

s¥siV* infants in the population during any interval. In
most cases, increases in survival lead to increases in the
total population size and in the ratioof adults to imma-

ture animals. Increased fecundity leads only to increases
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Figure 9. Relationship between population density
and fecundity for characteristic values of the density-
dependent function {(equation 8). The upper figure,
(a), illustrates the influence of the strength of regu-
lation on the relationship between per capita fecun-
dity and population size The figure is draum for
three values of b (0.5, 2.6, and 10) with K = 25. The
lower figure, (b), illustrates the influence of avail-
able resources, K, on the relationship between popu-.
lation size and total births in the population. This
figure is draum for three values of K (10, 25, and
50) with regulation strength or intensity beld con-
stantatb = I

in the total population density; age structure does not
change.

The dynamic behavior of the population may be ex-
plored using local stability analysis (Beddington 1974).
This exercise suggests that four patterns of population
dynamics may be observed in primate populations (Fig.
10). Where recruitment is only loosely coupled to pop-
ulation density (b is relatively low), populations tend to
return asymptomatically to equilibrium when per-
turbed. As the strength of regulation increases, pertus-
bations cause damped oscillations that die out as the
population returns to its carrying capacity. Very strong
regulation potentiafly produces stable limit cycles and
more complex dynamic variations in the population
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DYNAMIC BEHAVIOR OF BASIC PRIMATE MODEL.
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Figure 10. The dynamic bebavior of the model for
different values of b and s (the figure is drawn for i
= 0.75). Populations to the right of the line where s
~ 0.7 will persist. while those to the left of this line
coliapse to extinction. In the region of persistence,
the populations either return to a stable density
when perturbed, or exbibil damped or limit cycles of
abundance The positions of the boundaries delineat-
ing regions of different dynamic bebavior are inde-
pendent of the magnitude of K.

size. An important conservation “rule of thumb”
emerges for cases with 7 and F close to unity: Popula-
tions collapse when the survival of adult females falls
below around 70 percent per inter-birth interval This
value corresponds to A falling below unity, as in equa-
tion 2. The result is completely independent of the form
of the density-dependent function. It further emphasizes
the importance of estimating survival per inter-birth in-
terval when assessing primate population viability.
The mode!'s different dynamic patterns are illustrated
in Figure 11 for several sets of parameter values. These
figures illustrate that primate populations respond to
perturbations on 2 time scale of several inter-birth in-
tervals and thus many years In particular, the popula-
tions in Figures 11a and 11b take 20 to 30 inter-birth
intervals to cither grow to carrying capacity or collapse
to extinction. Very few primate studies even approach
these time scales. The simulation in Figure 11d illus-
trates the consequences of habitat loss on a hypothetical
primate population. Here it is important to notice that
the normal regulatory function (equation 8) causes a
very rapid decline in birth rates (i.e., number of infants)
following habitat loss; declines in adult numbers follow
more slowly. These simulated disruptions are likely to
underestimate declines in wild primate populations

Conservation Biology
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where habitat loss may also lead to increased adult mor-
tality and fragmentation of the population.

Models with Both Allee Effects and
Resource Limitation

The density-dependent function (equation 9) may be
combined with the mating function (equations 4 and 5)
to produce a model that considers both the availability
of mates and resource limitation. This is done by simply
inserting both functions into equation 1. A graphical
analysis of the full model's behavior is illustrated in Fig-
ure 12. Persistence of any population is again condi-
tional upon satisfying the inequality of equation 3; how-
ever, the population’s growth is also determined by its
density. Provided that density exceeds a lower thresh-
old, the population will increase to an upper density
where intraspecific competition for resources or other
forms of density dependence determine abundance.
However, populations near or below the “threshoid for
establishment” will tend to collapse to extinction. The
magnitude of this lower equilibrium is determined
largely by intrinsic factors, such as social organization,
sex ratio, and duration of pair bonds. In contrast, extrin-
sic factors such as habitat destruction and reductions in
survival and fecundity are more important in determin-
ing decreases in the magnitude of the upper stable equi-
librium. A population may be doomed to extinction
when extrinsic perturbations, such as habizat loss and
fragmentation, reduce the upper equilibrium to levels
where environmental or stochastic variation in demo-
graphic rates can push the population below its
“threshoid for establishment.”

Discussion

Conservation of primates is occurring at the three dif
ferent levels of community, population, and individual
“genes” (Southwick et al. 1986). Our models may be
most directly useful at the single population level. Pre-
vious attempts to determine mechanistic causes of local
extinction have concentrated upon cither demographic
stochasticity or inbreeding effects (Ralls & Ballou 1982;
Soulé 1987). Our analysis suggests that the relative im-
portance of these factors depends upon social organiza-
tion. Solitary or monogamous species may have rela-
tively equitable distributions of reproductive success
and thus larger effective population sizes than those
with less equitable distributions. Nevertheless, these
populations will tend to collapse for demographic rea-
sons while at densities that may be higher than those
where inbreeding becomes excessively detrimental. In
contrast, in gregarious, More promiscuous species, de-
mographic thresholds tend to occur at lower population
densities; here, inbreeding may become much more im-
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portant, particularly if augmented by incqualities in re-
productive success. Exploration of this key point in the
demography of endangered primate populations re-
quires both further empirical studies and genetic mod-
eling.

Although the models are analyzed in terms of their
properties at equilibrium, we fully appreciate that pri-
mate populations are rarely at equilibrium in the wild
(Jolly 1985; Richard 1985). The mathematical conve-
nience of undertaking the analysis in this fashion allows
us to ascertain properties of the population that apply
more generally. Like other age-structured vertebrate
populations (Fowler 1981; May 1985), primates are sus-
ceptible to both bad years and good years. These pro-
duce “gaps” and “pulses” of age cohorts with long-
lasting ripples in the population structure. Analyses of
these complexities would require considerably larger
dara sets than are available for most primates. Similarly,
we assumed constancy in the inter-birth intervals, while
they in fact vary between populations and age at first
reproduction may range from two to four inter-birth
interval units (Lyles & Dobson 1988). However, the
coarse generality (that first reproduction occurs at
three inter-birth intervals) presents a useful “rule of
thumb” that may be used to determine whether 2 pop-
ulation is growing or declining after a short period of
study. :

Determining how an endangered species will respond
to perturbation or habitat destruction is an important
goal of any conservation study. Table 3 outlines how
different types of perturbation affect the model’s param-
eters and how these changes may be used to determine
the consequences of similar perturbations to wild pri-
mate populations. Above all it is important to realize
that small changes in the parameters of the recruitment
function may lead to large changes in population den-
sity. Thus, the assumption that simpie reductions in hab-
itat lead to proportional losses of animals is often naive.
For example, if emigration to marginal habitats is an

Figure 11. Four simulations of the models of bebav-
ior for different combinations of parameter values;
in all cases the upper line is total population, the
intermediate line is number of adulis, and the lower
line is number of infants. (a) Hllustrates the case
where a population of adults is introduced info an
area:s = 085, b= 10 i= 075 andK = 25 (b)
Hlustrates the effect of reducing adult survival so
thatn < 1;s =068 b =10i= 075K =25 (c)
Hlustrates the effect of intense regulation; s = 0.85,
b = 12,1 =.075 K = 25. (4) Hllustrates the effect
of a halving of resources on a population close to
equilibrium; s = 0.85, b = 10,i = 075, K = 25
until t = 28, when K drops to 12.
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y
lt+l \X

N
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Figure 12. Pbase planes of Nt against Nt + [ for the
model that includes both resource limitation and an
Allee effect The upper figure is for a population di-
vided into troops of random size; the lower is for
troops that conform to a negative binomial distribu-
tion. In both cases the upper right equilibrium is sta-
ble, while the lower left equilibrium is unstable
Populations less then this value collapse to extinc-
tion

important compeonent of population regulation, then
loss of these habitats mayv lead to increased levels of
intra-group aggression and changes in the shape of the
recruitment function. A potential example of this might
be the population of baboons (Papio cyanocephalus) in
Amboseli National Park, Kenya Here loss of woodland
due to the change in the height of the water table has
led to a decrease in suitable habitat and a consequent
reduction in population density. However, rates of in-
fant mortality have also increased (Altmann et al. 1985),
which may in part reflect changes in the intensity with
which the remaining fernales compete for available re-
sources. Similar effects may be occurring in the primate
populations in the fragmented sections of rain forest
studied by Lovejoy et al, (1986).

These models may also be adapted to address ques-
tion of how many individuals may be harvested from a
healthy population without serious risk of population
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Table 3. The effect of different perturbations on the parameters
of the model, the magnitude of the upper equilibrium, N°, and
threshold for establishment, N.*.

Demographic parameter
Perturbation s I F a T & & b K N N

Habitat LI B D T I
destruction

Habitat T 7 Y 4+ = == 4+
fragmentation

Inclement - = = 4+ 0 + 0 ? t !} ++
weather

Reductionin - —=— = + ? 0 ? 4 = == ++
food supply

Increased - - = 4+ 4+ ? 4+ + 0 == ++
aggression

Loss of - - - 4+ 4 ? 4+ + 0 == ++
shelter

Increase in - = = 1! = 3 = } ¥ =2 =2
predators

Infectious - - = ¥ ¥ &+ 7 2 =7 47
discases

This table lists a variety of factors that lead to changes in the basic
demograpbic parameters of primate populations as defined in Table
2. They bave been crudely classified into whether they cause in-
creases ( + ), decreases ( — ), bave no effect (0), or have as yet un-:
known effects (?) on each of the demographic parameters of the
model Several mechanisms may operate in both ways and some of
the factors may act synergistically (eg, a reduction in the food
supply may lead to an increase in aggression). The final nwo col-
umns give the probable net effect on the magnitudes of the upper
stable equilibrium, N*, and the lower thresbold for establisbment,
Ny, éllustrated in Figure 12.

collapse. This is a particularly pertinent problem for the
biornedical establishment which, in the United States
alone, uses more than 50,000 primates in experiments
per year (Gay 1986). Roughly half of these are new
subjects and about 8,000 primates are born each year in
the primate centers (Johnson & Whitehair 1986). The
deficit is filled by importing around 17,000 primates
annually. The annual imports of long-tailed macaques
(Macaca fascicularis) to the United States from the
Philippines number around 7,000 (Diamond 1985). Un-
less primate harvests are routinely monitored and reg-
ulated, populations are likely to collapse, as has been the
casc with many fisheries (May 1985). As far as we have
been able to establish, no attempts have been made to
monitor or manage the wild primate populations ex-
ploited by the biomedical profession. Without data on
the shape of the recruitment curve (equation 8), it is
impossible to determine safe harvest levels. Estimating
the magnitude of recruitment function parameters re-
quires long-term sets of population data {at least ten
inter-birth intervals). Even when such data is available,
thc parameters of this function are likely to vary be-
tween different habitats, and perhaps also at different
times in the same habitat. Similarly, populations with
different social strucrures or different feeding strategics
will have different recruitment functions. The prospects

13
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for managing even well-studied species are therefore
poor.

Conclusions

Identification of the role that demographic forces play
in constraining primate social organization remains an
important and poorly understood area of primate biol-
ogy (Altmann & Altmann 1979). Most of the above is a
rather straightforward mathematical adumbration of pri-
mate population dynamics that has sacrificed consider-
able detail in an attempt to find a few crude generalities.
However, as with a similar attempt to simplify the life
histories of marine turtles (Crouse ct al. 1987), we feel
that the exercisc has suggested arcas where previously
collected data might be reanalyzed, while emphasizing
others where different types of data need to be col-
lected. The two most important points to emerge are:

1. Primate populations will tend to collapse when the
survival of adult females falls below around 70 per-
cent per inter-birth interval.

2. Species that tend to live in aggregated groups with
promiscuous mating will establish and maintain
themselves at smaller population densities than spe-
cies with more solitary and monogamous habits.

Even these conclusions err on the side of cautious op-
timism. In a real stochastic world, pessimism may be the
better strategy. Any attempts to manage endangered
populations using the preceding mathematical models
should allow a healthy margin of safety. This might most
readily be achieved by hybridizing the models with the
stochastic BIDE (birth/immigration/death/emigration)
models developed by Cohen (1969, 1971, 1972).

Future collections of long-term data for most primate
species are threatened by habitat destruction. These
data are needed to estimate basic demographic rates and
shapes of recruitment functions. In the absence of data
for a species, it will be necessary to extrapolate the
critical data from populations for which long-term
records are available. Comparative data from many spe-
cies may then be used to assess the relative importance
of different behavioral mechanisms in determining the
shape of these demographic functions. Understanding
how behavioral mechanisms affect population dynamic
processes remains a formidable challenge to behavioral
ecologists (Hassell & May 1985). More studies should
address the problems of how the available data on food
and habitat choice convert into functions that deter-
mine recruitment. At a time when 58 percent of the
world's primate species are listed as endangered (1988
TUCN Red List of Threatened Species), it remains of par-
amount importance that conservation strategies for pri-
mates merge the enormous field knowledge of the pri-
matologist with the gencralized simplifications of the
population biologist.
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