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Population dynamics of large herbivores: 
variable recruitment with 
constant adult survival 

Jean-Michel Gaillard, Marco Festa-Bianchet and Nigel Gilles Yoccoz 

T he factors that explain 
changes in population size 
are a central theme in ecol- 
ogy, and long-term studies 

of population dynamics are of 
great interest for life history the- 
ory, population ecology, wildlife 
management and conservation 
biologylg2. Studies that can identify 
which vital rates are more variable 
(variability patterns) and which 
ones are more likely to influence 
overall changes in population size 
(elasticity patterns) are particu- 
larly useful2. Historically, large her- 
bivores were sometimes consid- 
ered unsuitable for the study of 
population ecology because their 
long generation time meant that 
interesting results could not be 
expected for several years. How- 
ever, large herbivorous mammals 
are particularly suited to demo- 
graphic studies because age 
classes are readily identifiable. in 
addition, many species are eco- 

Recent long-term studies of population 
ecology of large herbivorous mammals 

suggest that survival of prime-aged 
females varies little from year to year and 
across populations. Juvenile survlval, on 
the other hand, varies considerably from 

year to year. The pattern of high and 
stable adult survlval and variable juvenile 

survlval is observed In contrasting 
environments, lndependeritly of the main 

proximal sources of mortality and 
regardless of whether mortality Is 
stochastic or density-dependent. 
High yearly variability In juvenile 

survival may play a predominant role In 
population dynamics. 

Jean-Michel Gaillard, Marco Festa-Bianchet and 
Nigel Gilles Yoccoz are at the UMR CNRS 5558, 

Laboratoire de Biometrie, Genetique et 
Biologie des Populations, Universite Lyon 1, 

43 Boulevard du 11 novembre 1918, 
69622 Villeurbanne Cedex, France 
(gaillard@biomserv.univ-lyonl.fr). 

nomically important or are useful 
indicator species for conservation. Recently, several 
researchers have published long-term studies of ungulates, 
mostly based on monitoring of marked individuals and often 
taking advantage of recent methodological developments of 
Capture-Mark-Recapture (CMR) modeling that account for 
differences in the probability of recapturing (or resighting) 
marked individuals, so that biological hypotheses can be 
tested reliably3. 

Recent studies suggest that the population dynamics of 
large herbivores can be strongly affected by a combination of 
stochastic environmental variation and density dependend. 
Food resources, habitat quality, weather, disease and para- 
sites, interspecific competition, predation, human activities 
and population density can account for the demographic vari- 
ation observed among years within a population or among 
populations within a species. While several studies have 

attempted to identify the most 
important factor drivingchanges in 
population size (e.g. Ref. 2), less 
effort has been devoted to assess- 
ing the roles of different vital rates 
(such as age-specific survival and 
reproduction) in affecting popu- 
lation dynamics. Because large 
herbivores have strongly age- 
structured populations and 
markedly iteroparous life histo- 
ries5, different vital rates may 
respond differently to various lim- 
iting factors (Box 1). Twenty years 
ago, Eberhardt6 proposed that the 
negative effects of increasing den- 
sity on population growth would 
occur in a specific order. Among 
vital rates, juvenile survival (usu- 
ally defined as survival over the 
first year of life) should change 
first, then the age at first reproduc- 
tion, followed by the reproductive 
rates of prime-age adults and 
lastly by adult survival (Box 1). 

Here, we review recent 
research trends on temporal vari- 

ation in survival of juveniles and of prime-aged females in 
response to environmental stochasticity and density- 
dependence in large herbivores. We do not discuss demo- 
graphic variation because we excluded accounts of small 
populations where demographic stochasticity could account 
for an important part of stochastic variation in vital rates. 

Assessing temporal variation in vital rates in wild 
populations: methods and data 

Two fundamental problems in population dynamics have 
challenged biologists and statisticians2: (1) how to measure 
the contribution of different vital rates to overall variability 
in population growth rate, and (2) how to quantify the roles 
of density-dependent and density-independent factors. Reli- 
able estimates of each vital rate and a measure of the 
precision of these estimates (such as their variance) are key 
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to solving these problems. Until very recently, reliable esti- 
mates of vital rates (especially survival) for wild populations 
of large herbivores were uncommon, because they require 
long-term monitoring of marked individuals. Most pub  
lished survival estimates were based on transversal life 
tables (for instance 14 of 17 ungulate populations in Purvis 
and Harvey's analysis?. The life-table technique assumes a 
stationary age distribution and equal probability of sam- 
pling for all individuals: if these assumptions are violated, 
survival estimates are unreliablel. These strict assumptions 
are unlikely to be met in any population of wild mammal~8~9. 
Even if the assumptions were met, life-table methods do not 
generally provide any measure of variability in survival 
rates. 

Fortunately, recent years have seen a rapid increase in 
use of CMR and radiotelemetry methods for estimating sur- 
vival rates and their variability. The modeling of survival has 
now a firm statistical basis and allows for a flexible analysis 
of the roles of environmental factors and of density3. The 
total variability of estimates of vital rates has different com- 
ponents, including sampling variability. A proper measure 
of the precision of survival estimates is therefore required to 
avoid confounding sampling variability and 'biological vari- 
ability' due to intrinsic and extrinsic factors (Box 2). The 
same problem applies to estimates of population variability 
or trendslo. Methods based on estimation of variance com- 
ponents should therefore be used to separate sampling vari- 
ability from 'biological variability'. 

Density dependence and vital rates in large 
herbivores 

Fowler's review" supported Eberhardt's idea that vital 
rates have different sensitivities to changes in population 
density. In 21 species of large herbivores for which density 
dependence was reported, juvenile survival was involved in 
15, age at first breeding in 12 and adult survival in only nine. 
Density dependence of adult reproductive traits was re- 
ported for 17 of 21 species, but measures of reproduction, 
such as the number of young per adult female, usually in- 
cluded early juvenile survival. Fowler11 pointed out that dif- 
ferences in the response of vital rates to changes in popu- 
lation density were inconclusive because adult survival is 
far more difficult to assess than reproductive traits. Early 
recruitment can be measured by fema1e:young ratios, but 
adult survival is very difficult to quantify without long-term 
monitoring of many marked individuals. 

Recent studies based mainly on monitoring individually 
recognized animals also support Eberhardt's suggestion. Of 
nine species in which adult survival and other vital rates 
were studied in relation to variation in population density 
(Table l), all exhibited density dependence in recruitment 
(juvenile survival, proportion of females breeding, or a com- 
bination of both traits), yearling survival was densitydepen- 
dent in four, but only two island populations (Soay sheep 
and red deer) exhibited density dependence in adult sur- 
vival. Even for these two species, survival of adult females 
varies much less than juvenile survivall2J3. Therefore, juve- 
nile survival is much more sensitive to density dependence 
than adult survival, which appears to be buffered against 
density effects. 

Environmental variation and vital rates in large 
herbivores 

Tables 2 and 3 summarize recent long-term studies on 
among-year variation in vital rates of large herbivores by 
focusing on juvenile survival (as a measure of recruitment) 
and survival of adult females. Whenever possible, we con- 

Box 1. The l i e  cycle of female large herbivores: 
demographic analysis of a model population 

Consider a population of large herbhrores just before parturition. Suppose that each 
year 75% of 2-year-old females produce young [yearly proportion of 2-year-old 
females gMng birth (%B2)=0.75] and all females 3-year-old and older produce 
young [yearly proportion of 3-year-old and older females giving birth (%B3+) = 11. All 
reproducing females give birth to a single offspring (IHter size, LS = 1). Thls leads to 
a production of 0.5 females per breeding female assuming an even sex ratio 
at blrth. Female offspring have a mean first-year sunrival of 0.50 (/uvenile sunrival, 
SJ =0.50) and a second-year sunrival of 0.75 (yearling survival, SY =0.75). From 
2 to 7 years, the annual survival of females is 0.90 (prime-age survival, SA= 0.90). 
Sunrival probability decreases to 0.70 for females older than 7 years (senescent 
sunrival, SS=0.70). 

A Leslie-Usher matrix model2 for this population is therefore: 

0 0.1875 0.1875 0.1875 0.1875 0.1875 0.1875 0.1875 
0 . 7 5 0  0 0 0 0 0 0 

0 0.90 0 0 0 0 0 0  
0 0 0.90 0 0 0 0 0 
0 0 0 0 . 9 0 0  0 0 0 
0 0 0 0 0.90 0 0 0 
0 0 0 0 0 0 . 9 0 0  0 
0 0 0 0 0 0 0.90 0.70 

From this matrix, we obtain a population multlpllcation rate (h) of 1.026. The elas 
ticlties of different vital rates (1.e. the change of hdue to a given proportional change 
in a vital rate, au) are defined by: 

For the above Leslie-Usher matrix, we obtain? 

e(recruitrnent) = 0.174 

where parameters defining recruitment [SJ, LS, and (%B2 + %B3+)] all have the 
same elasticity because changlng any of these parameters by a certain percentage 
will have exactly the same impact on h (multiplicative terms in the Leslie matrix). 
Elasticities of %B2 and %B3+ were respectively 0.023 and 0.151. 

where elasticity of prime-age sunrival is calculated as the sum of the elasticities 
of 5 year age classes (between 2 and 7 years of age). 

Variation In adult survival has the greatest effect on h: a change in adult sunrival 
should have about three times more Impact on h than the equivalent change in 
recruitment. 

sidered only prime-aged adults (typically those aged 2-7 
years14.15, but including some older age classes in larger spe- 
cies like red deerl'j), because the survival of older individ- 
uals appears to be lowerl4J5 and therefore estimates of 'adult' 
survival that include all age classes would be affected by 
population age structure. The survival of prime-aged females 
of 24 populations of 16 species of large herbivores moni- 
tored for a minimum of 5 years shows little among-year vari- 
ation (coefficient of variation (CV) varying from 2 to 15%, 
Table 2). In contrast, juvenile survival shows marked tempo. 
ral variation in 19 populations of 14 species (CV varying from 
12 to 88%, Table 3). The differential response of adult and 
juvenile survival to environmental variation is clearly evident 
from a comparison of the same populations (numbered stud- 
ies in Tables 2 and 3). In all 18 populations, yearly juvenile 
survival varied more than adult survival. 

The high yearly variation in juvenile survival probably has 
multiple causes. Predationl7-20 drought in spring and sum- 
mer21-22 rainfa1123~24, harsh wintersl7J9~21~23, low birth weight 
and early growth ratesl2-19823, late parturitionlgo23, poor calv- 
ing areas25, lack of suitable bedding siteslg, genetic factors23 
and altered immunocompetence of neonates26 have been re- 
ported to decrease juvenile survival in ungulates. Although 
almost as many causes of adult mortality have been reported, 
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Table 1. Evidence for/against density-dependent responses in vital rates of eight species of large herbivores 

Range of density 
Species Refs Evidence for density-dependence In: No evidence for density-dependence In: (number/kmz) 

White-tailed deer 37 Juvenile survival In summer, reproductive Adult survival 14-26 
(Odocoileus viginianus) success of 2 and 3 years old females 

and recruitment 

Greater Kudu 24 Juvenile survival in both populations studied, Prime-age and senescent survival In both 1.5-3 
(Tragelaphus strepsicems) yearling survival In one population populations and yearling survival In one 2.5-4 

population 

Roe deer 14,22 Age at first breeding and juvenile SUMMI in Yearling, prlme-age and senescent survival 6-21 
(Capreolus capreolus) summer and fecundity 

Red deer 13 Age at flrst breeding, fecundity of milk geld Summer part of juvenile survival, yearling 18-25 
(Cerws elaphus scoticus) hinds, juvenile survival In winter, male survival of females and breeding proportion 

yearling survival and adult survival of prime age females 

Wapiti 38,19 Juvenile survival Adult survival 3-13.5 
(Cerws elaphus canadensls) 

Blghom sheep 39,15 Juvenile survival, age at first breeding and Yearling male survival, prime-age and 0.8-2.61 
(Ovis canadensis) female yearling survival senescent survival 

Reindeer (Rangifer tarandus) 40 Age at first breeding and recruitment Breeding proportion of adult females and 0.5-5.5" 
adult survival 

Donkey (Eguus asinus) 4 1  Age at first breedlng and juvenlle survival Breeding proportion of adult females and 1.5 and 3c 
adult survival 

Soay sheep (Ovis aries) 12 Juvenile, yearling and adult survival Fecundity 96-222 

aFemale density only. 
"Density variation among contrasted populations. 
cDenslty variation between two experimental sites. 

including factors such as epizootics that caused significant 
yearly differences in adult survival'5~27, the available evidence 
indicates that, within a population, adult survival is always 
less variable than juvenile survival. This pattern is apparently 
independent of the main proximal causes of mortality and 
occurs in different tam, in different continents and in widely 
different environments. 

Juvenile survival, which determines recruitment, is highly 
sensitive to limiting factors, regardless of whether its variation 

is caused by changes in population density or by stochastic 
environmental factors. Adult female survival is buffered 
against most limiting factors (Fig. 1). Only long-term studies 
of a large sample of marked individuals can detect variation 
in su$val of iarge herbivores (Box 2). A large sample is re- 
quired to reduce sampling variability and many years of moni- 
toring are required to measure variability in yearly survi- 
val, over a range of densities and environmental variation. In 
addition, it appears that estimates of adult survival of large 

herbivores are subject to 
greater sampling error than 
estimates of juvenile survival 
(Box 2). Therefore, analyses 
that partition biological and 
sampling variability will 
likely reinforce our conclu- 
sion that adult survival is 
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much less variable than juve- 
nile survival. 

0.2 

0.1 

Constant adult survival or 
variable recruitment: 
which is more important 
for population dynamics of 
iarge herbivores? 

Many demographic analy- 
ses of large vertebrates have 
shown that adult survival has 
the highest elasticity, while 
juvenile survival and repro- 
ductive traits have the lowest 
elasti~ity28~29 (Box 1). In gen- 
eral, elasticity of adult sur- 
vival increases with gen- 
eration length30, which in 
turn increases with body 
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Fig. L An example of the contrasting varlabilltles in juvenile and prime-age adult survival in large herbivorous mammals: 
survival of bighorn sheep at Ram Mountain. Alberta, from 1975 to 199515.39. Bars Indicate SE. The number of females 
(dashed line) increased after 1981 and density effects on juvenile survival became evident after about 1988. Survival in 
1975-1988 was mostly Independent of population density. Black points, yearly estimates of juvenile sunrival; open 
squares, yearly estimates of prime age survival of females (2-7 years old). 
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Table 2. Variation in prime-age adult survival of females in response to environmental stochasticitya in populations 
of large herbivores (with at least 5 years' monitoring) 

Mean Number 
Species Refs survival Min Max CV N Methodsc Analysisd of years 

- 
Mule deer (Odocoileus hemionus) 43 (1)'0.856 0.692 1 0.101 741 CMR DA 13 

(2) 0.807 0.743 0.899 0.070 634 CMR DA 9 
17 (3) 0.875 0.760 1 0.090 185 RT CR 6 

Caribou/Reindeer (Rangifer tarandus) 25 0.842 0.750 0.930 0.088 538 RT CR 10 
44 0.878' 0.810 0.950 0.058 532 RT CR 9 
4 1  (4) 0.940g 0.920 0.963 0.017 CC D A 6g 

Greater Kudu 24 (5) 0.933 0.810 1 0.061 7-57h CMR DA ll 
(Tragelaphus strepsicem) (6) 0.889 0.829 0.954 0.043 27-82h CMR DA 11 

Blghom sheep (Ovls canadensis) 15 (7) 0.956 0.871 1 0.033 872 CMR CR 2 1  
(updated) (8) 0.935 0.750 1 0.068 377 CMR CR 12 

Roe deer (Capreolus capreolus) 14 (9) 0.947 0.776 1 0.079 287 CMR CR 10 
(updated) (10) 0.942 0.797 1 0.077 302 CMR CR 10 

Soay sheep (Ovis aries) 12 (11) 0.871' 0.696 0.980 0.151 733 CMR DA 6 

Moose (Alces alces) 35 (12) 0.949 0.907 1 0.033 524 RT CR 10 

Red deer (Cerws elaphus scoticus) 16 (13) 0.955 0.077 CMR D A 20 

Mouflon (Ovis gmelini) 27 (updated) 0.8411 0.658 1 0.130 130 CMR CR 7 

Chamois (Rupicapra rupicapra) 44 (updated) 0.960 CMR CR 6 

Ibex (Capra ibex) 45 (updated) 0.965 0.709 1 0.086 CMR CR 13 

Dall sheep (Ovis dalli) 46 (14) 0.880 0.710 1 0.108 CC DA 10 

Wapiti (Cems elaphus canadensis) 38 (15) 0.920 CC D A 15 
47 0.892 0.778 1 0.117 46 RT CR 5 

Saiga (Saiga tatarica) 2 1  (16) 0.787k 0.680 0.810 

Pronghorn (Anfflocapra americana) J. Byers (17) 0.978 0.850 1 0.041 CMR DA 13 
(pers. commun.) 

Mountain goat (Oreamnos Unpubl. data (18) 0.916 0.800 1 0.079 160 CMR DA 7 
americanus) 

aEnvlmnmental stochastlcity Includes here all sources of variation in the underlying vital rate. In particular, no effect was made to partition density-dependent from 
other variation. Then, our CVs include sampling variation as well as blologlcal variation. 
bSample size: number of 'animal-years' used for estimating sunrival probabilities. 
CCMR: monitoring of indMdually marked animals (using collars, ear tags or natural marks) by resighting or recaptures; RT: monitoring of IndMdually marked anlmals 
by radiotelemetry; CC: monitoring using composition counts. 
dCR: estimates based on capture-recapture modeling (see Ref. 3 for methods) accounting for capture probability less than 1; DA: direct assessment of sunrival from 
the proportion of individuals at risk known to have sivived (assumes capture probability to be 1). 
ONumbers in parentheses indicate populations for which juvenile sunrival was also available (see Table 3). 
Wnter su~'&l (November to May) only. 
Wariation among contrasted populations. 
hAssumed to represent the largest and smallest sample size for a given year. 
'Winter mortality only. 
IPrime-age females deflned from 3 to 5 years of age. 
kMethods and N not detailed in the original paper. Mean s u ~ v a l  probability was obtained using the frequency of good and bad summer/wlnter conditions given In 
the paper. 

size. These modeling results, however, do not rule out the 
possibility that all vital rates account for similar pro- 
portions of variance in population growth rate and therefore 
play similar roles in ungulate population dynamics. Some 
studies suggest that recruitment could be astronger determi- 
nant of changes in population size than adult survival. Thus, 
juvenilesurvival was claimed to be the most important factor 
influencing population responses of peccary to fluctuating 
food availability31. 

Hatter and Jan232 monitored a population of mule deer b e  
fore, during and after a decline, and concluded that the highly 
variable juvenile survival (from 0.07 to 0.41) was more im- 
portant than the constant adult survival (from 0.74 to 0.76) in 
explaining changes in population size. Casaway et al.33, on the 
other hand, suggested that high mortality among adults was 
the primary demographic process limiting ungulate popu- 
lations in Etosha. Therefore, it appears that the roles of adult 
survival and recruitment on population dynamics of large 

herbivores cannot be assessed without further demographic 
analyses. Escos el al.28 and Walsh et al.29 underlined the diffi- 
culties of teasing apart the contributions of different vital 
rates to yearly changes in population size. Elasticity analyses 
alone cannot measure these contributions. To the theoreti- 
cal estimates of what might happen (measured by elasticity) 
we must join empirical estimates of what happens (meas- 
ured by long-term variability). This review has shown that 
adult survival is much less variable than juvenile survival. 
The next logical step will be to combine measurements of 
elasticity and variability to identify which vital rates are 
more important in causing changes in natural populations. 

Prospects 
In large herbivores, recruitment is the main target of 

limiting factors, both density-dependent and density- 
independent. Adult female survival appears buffered against 
temporal variation regardless of the causes of mortality, with 

TREE uol. 13, no. 2 February 1998 61 



REVIEWS 

Box 2. Assessing components of variability in stochastic 
environments 

The variability of estimates of vital rates and population size is composed of sampling 
variability and biological ('true') variabillh/io. The latter can be further partitioned in 
different components, such as inbinsic and extrinsic factors. To distinguish between 
sampllng and biological variabiiity we need a reliable measure of the sampling pre 
cision of estimates. For example, assuming a constant survival rate equal to 0.90 and 
estimating It by releasing each year 100 marked lndivlduals results in a sampling 
standard error equal to d{[p*(l-p)]/100)=0.03, and therefore observing estC 
mates varying by f5% may be due entirely to sampling variation. The variance a:, 
of the estimator a  ̂ of a vital rate, a, is the sum of the biological variance, at, and 
the sampling variance, var(2la). Methods based on estimation of variance com- 
ponents exist to separate sampllng variability from biological variabllity'0.YJ. 

The bias in the estimate of biological variance when ignoring sampling varL 
ance, as well as the precision of the estimate, depend on the size of both variance 
components, which are different for juvenile and adult su~ival (see Table below). 

As a typical example of adult survival, we assume true survival rates equal 
to 0.85,0.86, .... 0.95, for an average survival of 0.90 and a, equal to 0.030. For 
juvenile survival, we assume that true survival rates are equal to 0.25, 0.30. .... 
0.75, for an average survival of 0.50 and a, equal to 0.158. 

Adult Survival Juvenile Survival 

N 50 100 200 50 100 200 

0 4  0.051 0.042 0.036 0.166 0.162 0.160 

Relative Bias 70 40 20 5 2 1 

SE (8,) 0.015 0.010 0.006 0.022 0.015 0.010 

The sampllng precision increases with the number of animals released, N, and 
when survival rate Is close to 1 (or 0). The relative bias when ignoring sampllng 
precislon, (as - (rJ/(ra is then expected to be larger for adult survival than for 
juvenile survival (for a given N) ,  but the precislon of the estimate. 6,, is higher. 

the exception of disease. While this pattern is obvious from 
available case studies, our understanding of population dy- 
namics in large herbivore populations suffers from a biased 
distribution of studies. First, reliable information exists for 
only 16 of about 250 extant species of large herbivores, a 
sampling intensity of 6%. More importantly, 15 of the 16 spe  
cies are temperate ungulates, while most ungulate species 
occur in the tropics. We thus require detailed information 
about variability of vital rates for large tropical herbivores. 
Differences in seasonality and in predation pressure may well 
result in different population dynamics for temperate and 
tropical ungulates33e34. To establish how variation in demo- 
graphic variables affects population size, however, we need 
more studies based on marked animals monitored over 
several years. Such studies will enable us to combine the 
observed temporal variation of a given vital rate with the 
calculated effect of a change in this vital rate (elasticity) to 
correctly assess the respective roles of recruitment and adult 
survival on population dynamics of large herbivores. Recent 
intensive radio-tracking studies have been particularly use- 
ful because they often obtained information on causes of 
death'7J935. Knowledge of causes of death allows a better 
estimation of the impacts of different mortality factors. 

Many long-term studies of population dynamics of large 
herbivores have relied almost exclusively on observational 
evidence. Experimental manipulations of population size36 
and of other ecological variables such as predation pressure 
would provide more reliable information. Manipulations 
would also provide data on the effects of population density 
or predation over a shorter time than observational studies. 
Ungulate populations that are subject to hunting or other 
forms of artificial control provide ideal opportunities for ex- 
perimental tests of density dependence'7. Predator control 
and predator reintroduction programs provide the oppor- 
tunity to assess the role of predation. Therefore, cooperation 

among researchers and government agencies in long-term 
studies of ungulates is likely to advance our understanding 
of population ecology while providing useful information for 
conservation and management. 
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s~ecific individuals are not numerous 

Inverse density dependence and the 
Allee effect 

enough: 'undercrowding, as well as over- 
crowding, may be limiting' (Box 1). One 
of Allee's collaborators, E.P. Odum, first 
referred to this Drocess as Allee's Princi- 
ple', but it is no; generally known as the 
Allee effect. 

Franck Courchamp 
Tim Clutton-Brock 

Bryan Grenfell 

The Allee effect describes a scenario in which populations at low numbers are 
affected by a positive relationship between population growth rate and density, which 

increases their likelihood of extinction. The importance of this dynamic process in 
ecology has been under-appreciated and recent evidence now suggests that It might 

have an impact on the population dynamics of many plant and animal species. Studies 
of the causal mechanisms generating Aiiee effects in small populations could provide 

a key to understanding their dynamics. 

Franck Courchamp, Tim Clutton-Brock and Bryan Grenfell are at  the Dept of Zoology, 
University of Cambridge, Downing Street, Cambridge, UK CB2 3EJ (fc219@cam.ac.uk; 

thcb@hermes.cam.ac.uk; bryan@zoo.cam.ac.uk). 

I n 1931, Warder Clyde Allee proposed 
that intraspecific cooperation might 

lead to inverse density dependence, an 
idea that he later extended in his famous 
1949 book on animal ecology'. Exactly 
half a century later, it is timely to review 
the influence of his concept on current 
ecological research, and assess future 

prospects. Allee observed that many ani- 
mal and plant species suffer a decrease of 
the per capita rate of increase as their 
populations reach small sizes or low den- 
sities (Fig. 1). Under such conditions, the 
rate of increase can reach zero, or even 
negative values, because of a decrease in 
reproduction and/or survival when con- 

Causes of inverse density 
dependence 

The Allee effect strictly refers to 
inverse density dependenceat low den- 
sity. Factors involved in generating 
inverse density dependence are numer- 
ous and have been described for most 
major animal taxa3. These factors can be 
classified into three main categories4. 
The first is genetic inbreeding and loss of 
heterozygosity, leading to decreased fit- 
ness (such as demonstrated for plants596). 
The second is demographic stochasticity 
(including sex-ratio fluctuations)4, as 
illustrated by the failure of many biologi- 
cal control programmes that released 
control insects in too small num- 
bers. Another example concerns threat- 
ened species with low fecundity and 
small population size, such as the 
Kakapo Sh-igops habroptilus, the world's 
largest parrot (Fig. 2). In 1997, the total 
population of this flightless bird con- 
sisted of 54 individuals, of which only 
20 were female (with few of these being 
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Fig. 3. Illustration of the Allee effect, from a very simple mathematical model of population dynamics: 

- - I N  I-- -- 
dN dt ( ;I(; 1) 

The per capita growth rate (dN/dt) is negative above the carrying capacity (H) and positive below. However, 
in the presence of an Allee effect, it also decreases below a given population size, and can even become 
negative below a critical population threshold (K-) .  When a population displaying this type of population 
dynamics is driven below the critical threshold, the low, sometimes negative, per capita growth rate may 
lead it to extinction. 

fertile), distributed across four islands7. 
A recent breeding program has resulted 
in the birth of nine chicks, but only two of 
these are female (R. Dennett, pers. com- 
mun.). The third category concerns the 
reduction in cooperative interactions 
when there are fewer individuals. 

This last mechanism has attracted 
most research effort, probably partly 
because Allee himself proposed it, refer- 
ring to it as 'proto-cooperation' or 'facilit- 
ation''. Given that cooperation usually 
implies active participation, we prefer to 
use the more generalist term of facilitation, 
except for particular cases. Shortage of 
receptive mate encounters during the mat- 
ing period when density is too l o d  is the 
most cited factor, although it represents 
only a small subset of social causes of 
inverse density dependence. Species in 
which fitness is enhanced by any type of 
conspecific facilitation might suffer from 
reduced density when intraspecific com- 
petitive processes are of secondary impor- 

tance (Box 2). In this context, facilitation is 
taken in the broadest sense and sometimes 
includes sexual reproduction (where two 
organisms can be seen as 'cooperating' to 
pass on their genes to the next generation). 

For example, decreased sexual repro- 
duction owing to a lower probability of 
finding a mate at very low densities might 
generate a lower rate of recruitment, 
which in turn lowers the probability of 
finding mates in the next generation, 
thereby creating an extinction vortex, 
and ultimately the collapse of the popu- 
lation. Additionally, in cooperative ani- 
mals, reduced recruitment may also be 
caused by higher juvenile mortality, 
owing to the cost of feeding or baby- 
sitting in small groups9 as in suricates, 
Suricata suricatta. 

The Allee effect might also be gener- 
ated by lower survival, such as when 
antipredator strategies become ineffi- 
cient in small groups of prey. Examples 
of this include the passive protection of 

Box 1. The floury little world 
of the Triboliurn 

One of the earliest illustrations of Allee's Ideas 
of the existence of an optimal population size 
concerns his analysis of the laboratory work of 
three different researchers on the flour beetle, 
Triboliurn confusunP. This species showed the 
'most rapid population growth at an intenedi- 
ate population size rather than with too few or 
too many present', as shown in his figure, 
reproduced below. 

\ 
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Initial density 

(in 32 mg of flour) 

Trends In Ecology 6 EwluUon 
(Onllne: Fc I) 

The higher growth rate at an intermediate 
population size was interpreted as the result 
of the interaction between two opposlng 
processes. On one hand, 'adult beetles roam 
at random through their floury universe. They 
eat the flour, but they also eat their own eggs 
as they encounter these on their travels'ss. 
Because of this, eggs are less likely to escape 
oophagy at high densities. However, females 
lay more eggs, and eggs with a higher percent- 
age of fertility, when they have been stimu- 
lated by successive copulation, which is more 
likely to occur at high densities. As a result, 
there is an Intermediate optimal populatlon 
density, above the possible minimum one, in 
which the growth rate is higher than at lower or 
higher population densities. Later, Allee and 
collaborators35 showed that fish are better 
able to survive water poisonlng If other fish 
had previously lived in it, because thelr secre- 
tions had conditloned the environment. This 
relationship between fitness and density was, 
however, positive only until competition 
became the principal factor Influencing popu- 
latlon dynamics. Such an Interaction between 
two processes with an opposing relationship 
to density is a reasonably general feature of 
the Allee effect. 

sea urchin larvae sheltered by adult 
spine canopieslo, the early warning or 
confusion effects in fish schools and 
ungulate herds", or more active sentinel 
systems or defence strategies, as in suri- 
cateslz. However, because the extent of 
facilitation and/or cooperation might 
determine the strength of the Allee 
effect, many of these processes could be 
rather weak unless the populations are 
at very low density. In contrast, obligate 
cooperatively breeding species might 
experience a strong inverse density 
dependence, even when close to the car- 
rying capacity, and may suffer from an 
Allee effect for most of their normal den- 
sity range12J3. 
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Fig. 2. Examples of the Allee effect in different taxa. (a) Because of a shortage of fertilization or of mating encounters, Aliee effects can cause species extinction 
when density is too low. This is illustrated by pollination in fig trees (Ficus sp.), where small dispersed patches attract fewer pollinators or dispersers (photo reproduced, 
with permission, from Corbis/C. Mattison). (b) The Aliee effect Is important in gmup living animals, such as schooling fishes (here bluefin tunas Thunnus thynnus 
in fishing nets). It may also cause a population to collapse if hawesting pressure is too strong, as has happened for fisheries (photo reproduced, with permission, 
from Corbis/J.L. Rotman). (c) Because fruit flies attack more than 400 crops worldwide, they are considered to be one of the worst insect pests of agriculture. One 
of the techniques used to control them is the release of sterile males to create an Allee effect, as for these fruit flies, Anastrepha ludens (photo reproduced, with 
permission, from J. Dykinga, Agricultural Research Service, USDA). Another technique is to release natural enemies, in numbers large enough to ensure the Allee 
effect is avoided. (d) At very small population sizes, some endangered species, such as the Kakapo (Strigops habroptilus), have a low probability of finding receptive 
mates, and/or have a biased sex-ratio because of demographic stochasticity. There are only 54 individuals sunriving of this giant panot (photo reproduced, with 
permission, from D. Merton). (e) Obligate cooperative breeders, such as African wild dogs (Lycaon pictus), may have a critical group size below which the gmup 
would be very likely to go extinct (photo reproduced, with permission, from J. Ginsberg). 

Implications for population (e.g. population, colony or social group) ecological systems (Box 2). Because the 
dynamics is likely to go extinct. This has been mechanism is quite straightforward, very 

For all these phenomena, and others, shown theoretically both with determin- basic population dynamic models (com- 
the major consequence of the Allee effect istic and stochastic mathematical mod- parable in simplicity to the classical 
is the existence of a critical density below els4J3J" and although still scarce, empiri- Verlhust logistic equation) can be used 
which the aggregation unit considered cal evidence exists from very diverse to mimic the Allee effect (Fig. 1). 
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Box 2. Allee effects, facilitation and cooperation 
The Allee effect can be generated by a shortage of interactions among conspecifics at low density. These 
interactions range from strict cooperation to unconscious facilitation. At one extreme, strong cooperrt 
tion, are taxa that form colonies (with different degrees of coloniality). For example, because offspring 
survival to maturity increases with colony size, the lifetime reproductive success of female social spC 
den. Anelosimus eximius, decreases in smaii coioniess. Smaller colonies of reef-building coral popu- 
latlons are less likely to survive attacks by mucilage coverage37 or catastrophic climatic events33. In 
Damaraiand molerats, C~yptomys damarensls, small colonies are more likely to fail because the colony 
work force is of insumcient size to locate foods. in plants, lower survival can be caused by a lack of con 
ditionlng effects at low densities39, and some colonial seabirds need a critical density to establish and 
reproduce1840. 

At the other extreme of sociality are individuals of species whose only form of contact with conspecifics 
is for sexual reproduction (which can in this context be considered as protocooperation). They can aiso 
be subject to Aliee effects. For example, pollination of many species of plants (especially by animal 
vectors), is less efficient when inter-individual distances become too large or patches too ~mall39~41-42. 
Fertilization in benthic invertebrates with freespawn gametes, or with planktonic larvae, has also been 
shown to be insufficient at low population densities33. A shortage of encounters wlth receptive mates 
during the mating periods can increase the threat to smaii populations, such as those of the Glanville 
fritillary butterfly, Melitaea cinxids, and the northem spotted owl. Strix occidentalis43. An Allee effect may 
also delay the beginning of an invasion32, or even prevent its success, as seen in the House Finch. 
Carpodacus mexicanus, in North America. The same is true for species introductions (for their conservation 
or for biological control of another species), which generally require repeated releases of large numbers 
of individuals before successful establishment44.45. 

Between these two extremes, the atypical social system of obligate cooperative breeders can generate 
an Allee effect, potentially responsible for their high rates of group extinction13(Box 3). 

The implications of the Allee effect are 
potentially very important in most areas 
of ecologyls and evolution~4, but we will 
focus here on population dynamics only. 
As we will see below, the practical man- 
agement of population numbers, whether 
aiming to increase or reduce them, is 
strongly affected by this effect. The conse- 
quences of Allee effects are also likely to 
be significant for the theory of population 
dynamics, because most classic models 
imply a linear decrease of growth with 
density, as opposed to the non-linear rela- 
tionship associated with the Allee effectl4. 
Similarly, current mathematical models 
seem to overestimate persistence times for 
metapopulations of species exhibiting an 

Allee effect, because even when explicitly 
considering small metapopulation sizes, 
they carry the implicit assumption that 
local populations always increase to 
their carrying capacityl6. Other types of 
Allee effects have been demonstrated at 
the theoretical metapopulation level when 
the spatial dimension and stochasticity 
are taken into account4J7. The impor- 
tance of the Allee effect in metapopulation 
dynamics has also been shown em- 
pirically, as for the endangered Glanville 
fritillary butterfly (Melitaea cinxia)ls. 

Repercussions across trophic levels 
Although it is an intraspecific phe 

nomenon, some interspecific relationships 

Box 3. The Allee effect in African wild dogs? 
it has recently been proposed that the high rates of group extinction observed in obligate cooperative 
breeders are generated by a need for a critical number of helpers, which produce an Aliee effectl'. As a 
result, a social gmup driven below a critical threshold would have a lower chance of recovery and conse- 
quently become even smaller, with an increasing risk of extinction. 

This can be illustrated by the African wild dog, Lycaon pictus, which is currently facing the threat of 
extinction throughout its remaining geographical range. Many causes have been proposed to explain its current 
decline, including human persecution, diseases, h a b i t  fragmentation and competition with other 
predators". Although it has never been proposed, another, nonexciusive, factor is the existence of an Allee 
effect, which would render this species more sensitive to other mortality factors. Wild dogs live in groups of 
up to 20 adults and their dependent y0ue3. The hunting strategy of the group usually requires a critical size 
to be energetically e f f i ~ i e n t ~ , ~ ~ . ~ ~ .  A threshold group size might aiso be required for hunting because of 
kleptoparasitisrn by hyenas, which can be energetically very costly to small group of wikl dogPr7e@. in addition, 
helpers are required by the breeding female: litters are very large (up to 20 pups), and the breeding female, 
then the pups, need to be fed by other members of the group6-49. Group members also help by chaslng 
predators fmm the den area, and by staying at the den to protect the pups while the pack is huntir~gd~.~$. 

Consequently, a critical number of helpers might be needed for wild dog groups to survive. it has been 
suggested that groups of less than four adults are unable to reproduce su~cessfully4~. Furthermore, the 
impact of environmental stochasticity (including random catastrophes, such as dmughts and epidemics) 
and of natural enemies (competitors, predators, kleptoparasites) might increase the extinction probabil- 
ity of cooperators by driving them closer to or below the critical threshold. Human activities and 
pathogens might act in the same way, increasing the threat of the Allee effect by decreasing group sizes. 
For example, because of high contact rates owing to wlld dogs' social sbcture, a viws can pmbably 
spread rapidly among group members. The diseaseinduced death of several dogs might then reduce the 
gmup to insufficient size for suwivai. 

are strongly influenced by the Allee 
effect. It is well known that smaller groups 
of prey may be more exposed to pre  
dation than larger groups". It has also been 
shown, both theoretically and empiri- 
cally, that if a species is a secondary prey 
item of a predator with a type I1 func- 
tional response, its death rate from pre- 
dation will be inverse density depen- 
dentlg. Similarly, the rate of infection for 
many parasitoid species has been shown 
to decrease with increasing host den- 
sity20. Other interspecific relationships, 
such as nest parasitism21 and kleptopara- 
sitism22 can also be affected (Box 3). 

The victims of interspecific relation- 
ships (e.g. prey or hosts) are not the only 
ones prone to the Allee effect: at low 
density, their natural enemies can also 
suffer inverse density dependence. 
Indeed, some cooperative hunters are 
not as efficient if they have a small hunt- 
ing party, because some prey require a 
certain number of individual hunters if 
they are to be successfully isolated 
and attackedZr24 (Box 3). Other examples 
include kleptoparasites: hyenas (Crocuta 
crocuta) form large clans that spread out 
in search of prey and regroup once 
individuals have located a fresh kill and 
signalled to the others. A critical thresh- 
old in the clan size of hyenas is thus likely 
to limit the success of this type of forag- 
ing strategy when prey are scarce. This 
also seems to be true for many birds 
(whether predatory or not) regrouping in 
flocks to maximize resource location effi- 
ciency. In addition, it is reasonable to 
predict that inverse density-dependent 
mechanisms are likely to affect strongly 
the population dynamics of species such 
as parasitoids20, because the difficulty of 
finding a mate at low densities com- 
pounds that of finding a host when the 
host density is also low. 

Perhaps among the best known mani- 
festations of population thresholds for 
extinction are some infectious pathogens, 
which do not persist below a critical host 
population size, as shown for human25 as 
well as wildlife populations26. This is be- 
cause the life history of some pathogens 
(mostly their rates of transmission and 
induced mortality) makes it difficult for 
them to infect new hosts before dying out 
if the host density is too low. Although 
this is not an Allee effect perse, this criti- 
cal community size, which can take dif- 
ferent mathematical forms according to 
the system modelled27, has interesting 
analogies with minimum viable popu- 
lations and extinction thresholds gener- 
ated by inverse density dependence. At a 
different scale, too few parasites (either 
micro- or macroparasites) in a host are 
less likely to overcome the host's immune 
defence, resulting in the extinction of the 
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parasite. Consequently, there might be a 
critical threshold for many internal para- 
sites. 

Allee effects in more complex interspe 
cific relationships, involving more than 
two species, have seldom been consid- 
ered. However, given what is already 
known about the importance of this 
process on 'simple' competitive, preda- 
tory or parasitic relationships, it is reason- 
able to predict that models of processes 
such as predator- or parasite-mediated 
competition (which is an important eco- 
logical process28) will generate different 
outcomes in the presence of inverse den- 
sity dependence. At the niche scale, the 
Allee effect can prevent persistence of 
plants that ameliorate physically stressful 
habitats29. This environmental condition- 
ing is also important for many associated 
plant and animal species because it allows 
new colonization. At a larger scale, the 
Alee effect is likely to have a detectable 
influence on plant community dynamics 
and vegetation succession29. It is very 
likely that species are affected by inverse 
density dependence generated by a com- 
bination of all these ecological forces. 
Even those species displaying no obvious 
Allee effect can be affected by others that 
do, which means that most species are 
probably influenced, either directly or 
indirectly, by this dynamic process. 

Implications for applied ecology 
Species subjected to a strong Allee 

effect might be more susceptible to cata- 
strophic population collapses with only a 
slight increase in mortality, resulting either 
from harvesting or 'natural' causes. Two 
generally conflicting interests in ecosystem 
management, long-term optimal harvest- 
ing and biodiversity preservation, which 
both aim to prevent these collapses, have 
much to gain from acknowledging poten- 
tial Allee effects. In fisheries, for example, 
the existence of multiple equilibria has 
been recognized (in theory at least), and 
the existence of a critical threshold for 
harvested populations has been advanced 
as a highly plausible explanation for the 
collapse of fisheries in several parts of the 
world30(Fig. 2). As exploited fish species 
are usually schooling species, and a large 
school is generally considered to be a 
defence against predators21, one should 
expect (and therefore attempt to prevent) 
Allee effects in these species. 

Prevention of population collapses is 
also a priority in conservation biologyls, 
where it is widely admitted that popu- 
lations of small size are often at greater 
risk of extinction. However, even though 
many conservation programs (including 
reintroduction) focus on the extinction 
risks encountered by very small popu- 
lations, and the existence of a minimum 

Box 4. Biological control: helped and hindered by Allee effects 
The primary aim of biological control, which is nothing more than a planned biological invasion to get rid 
of another invasion, is to minimize the establishment and persistence of pests and maximize that of their 
enemies. This Is one of the few research areas in which the Allee effect is plainly recognized and fully 
used. The first successful attempts at biologically controlling a pest insect to meet with success artift 
cially created an Allee effect in the pest population by inundating it with sterile malesw. This method is 
still widely used%, as illustrated by the massive releases of sterile male Mediterranean fruit flies, Cer- 
atitis capitata, last year in the USA. The emerging new concept of mammal control through virus-vectored 
immunocontraception~~ is likely to succeed because it should create an Allee effect. 

An important issue in biological control programmes (and in the reintroduction of threatened species) 
concerns the minimum number of individuals that should be released to ensure the establishment of 
populations of natural enemies of the pest. Indeed, insufficient reproduction at low densities would 
result In a collapse of these populations because of at least two  mechanism^^^. First, the low probability 
at finding a mate at low density may lead to a lack of recruitments. Second, in arrhenotokous insect 
species (when virgin females produce only males), failure to mate may result In a malebiased sex ratio, 
and therefore in demographic stochasticitp. Both potentially create an Allee effect, and both can result 
in the failure of the intr~duction~~. 

population size below which they cannot 
recover, the Allee effect is still seldom 
taken into account in this area's. That the 
Alee effect is indexed in only five out of 35 
of the most recent major books on conser- 
vation biology illustrates this deficiency 
very well. Other research areas where the 
Allee effect plays a critical role are eco- 
system invasions31.32 (Box 2) and, most 
importantly, biological control (Box 4). 

What prospects for the Allee effect? 
The early studies of population biology 

have been largely dominated by the impor- 
tance of (negative) density dependence at 
high densities. In a time when anthro- 
pogenic disturbance has driven many 
populations to small sizes and/or low 
densities, we must now focus on the other 
extreme of population sizes. Indeed, stud- 
ies demonstrating Allee effects and deter- 
mining their causal mechanisms, either 
theoretically or empirically, ought to be 
more numerous in the future. There is a 
range of logistical problems associated 
with the study of very small natural popu- 
lations, especially of mobile animals, ren- 
dering it difficult to demonstrate an Allee 
effe~t14.18~21. Nevertheless, in several differ- 
ent areas of ecology, empirical evidence is 
needed on this still poorly documented but 
nonetheless important dynamic process. 

With the notable exception of biologi- 
cal control, which provides excellent 
opportunities to study experimentally the 
effect of population size on establishment 
and persistence, experimental studies of 
the Allee effect are both impractical and 
unethical in natural conditions. Therefore, 
one has either to rely on 'natural experi- 
ments', such as catastrophic events33, or to 
work on laboratory populationsl, which 
can compensate for the lack of replicabil- 
ity and control typical of 'natural experi- 
ments'. Although they are less scarce 
than empirical studies, theoretical studies 
of the consequences of the Allee effect are 
also needed, especially concerning the 
dynamics of interspecific relationships. 

Future progress in understanding the 
dynamics of small populations will most 
likely be achieved by creatively combining 
these different scientific approaches. 

Knowing a given species is prone to a 
strong Alee effect would not be of much 
help if the population collapse was in- 
evitable. In many cases, however, it should 
be possible to artificially reverse the fate 
of a population that is dangerously close 
to, or even below, its critical threshold. 
For example, densities of some plants or 
trees could be increased by dispersing 
seeds, or by planting individuals obtained 
from nurseries or from other, more dense 
populations. Similarly, social groups of 
some endangered vertebrates could be 
artificially increased (e.g. during a short 
period of captivity), thereby avoiding the 
loss of the smallest groups. More impor- 
tantly, knowing that an Alee effect threat- 
ens a given population would allow the 
redirection of harvesting pressure towards 
less threatened populations. Similarly, 
protection efforts for an endangered s p e  
cies, if proven sensitive to the Allee effect, 
should be redefined according to differ- 
ent priorities: for many species, density 
as much as population size should b e  
come a criterion of endangerment in con- 
servation programmes. As the causes of 
decline of many populations still remain 
a puzzle (as for the recent amphibian 
declines34), a more systematic investi- 
gation of potential Allee effects in endan- 
gered populations could be crucial to the 
better understanding of their dynamics, 
as well as efficiently protecting them 
against formally identified threats. 
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