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Review
Many important questions in ecology and evolutionary
biology can only be answered with data that extend over
several decades and answering a substantial proportion
of questions requires records of the life histories of recog-
nisable individuals. We identify six advantages that long-
term, individual based studies afford in ecology and evo-
lution: (i) analysis of age structure; (ii) linkage between life
history stages; (iii) quantification of social structure; (iv)
derivation of lifetime fitness measures; (v) replication of
estimates of selection; (vi) linkage between generations,
and we review their impact on studies in six key areas of
evolution and ecology. Our review emphasises the un-
usual opportunities and productivity of long-term, indi-
vidual-based studies and documents the important role
that they play in research on ecology and evolutionary
biology as well as the difficulties they face.

Long-term studies at different biological levels
A central problem in studies of animal ecology and evolu-
tion is that many of the most important ecological and
evolutionary processes affecting populations, including the
demographic processes controlling animal numbers and
the evolutionary processes generating adaptation, com-
monly occur over multiple years or decades rather than
across hours, weeks or months. Studies of naturally regu-
lated populations that provide data that extend over ade-
quate periods of time are consequently crucial to research
in many areas of ecology and evolutionary biology. Here,
we describe the two main categories of long-term studies of
animals, briefly review their achievements in six key areas
over the past thirty years, assess their productivity and
outline the challenges they face.

Population-level studies
Longitudinal studies of animal populations fall into two
main groups. First there are studies at the population level
that measure the size, structure and distribution of partic-
ular populations but do notmonitor individuallymarked or
Corresponding author: Clutton-Brock, T. (thcb@cam.ac.uk).

562 0169-5347/$ – see front matter � 2010 Elsevier Ltd. All rights res
recognisable animals. Records of density and distribution
extending over three or more decades are available for
populations of an increasing number of invertebrates [1]
and non-human vertebrates [2,3], especially birds [4].
These studies provided the basis for the first investigations
of the regulation of animal numbers [5] and have continued
to play an important role in research on the demography
and dynamics of animal populations [2,6–9]. In several
cases, detailed records of the timing or geographical dis-
tribution of changes in population size have provided
important insights into the effects of human activities
on animal populations: studies of the effects of DDT on
the fertility of raptors [10,11], of discarded oil on sea birds
[12], of discarded lead shot on waterfowl [13] and of the
consequences of long line fishing on sea birds [14] are
obvious examples. More recently, long-term studies of
animal populations have provided crucial evidence of the
effects of changes in climate on distribution, density,
growth and reproductive timing in different organisms
[9,15–18]. For example, a recent analysis of changes in
reproductive timing from 726 terrestrial, freshwater and
marine taxa in the UK reveals an accelerating tendency for
reproductive seasons to begin earlier. This effect is less
pronounced for secondary than primary consumers,
heightening the potential risk of temporal mismatches
in key trophic interactions [19] (Figure 1).

Although longitudinal studies at the population level
have an important role to play in ecological studies, they
have serious limitations. They often have difficulty in
identifying the proximate causes of change in population
size, since it is usually difficult to distinguish between the
effects of changes in breeding success, survival, emigration
and immigration. Many environmental factors affect ani-
mals at particular stages of their life history and because of
this, accurate predictions of change in population density
require knowledge of the age structure of populations and
the effects of age on breeding success and survival [20].
However, accurate ageing is frequently difficult, particu-
larly for older categories and attempts to assess the effects
of age on demographic parameters are frequently further
erved. doi:10.1016/j.tree.2010.08.002 Trends in Ecology and Evolution 25 (2010) 562–573
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Figure 1. Changes in phenology in UK plants, invertebrates and vertebrates in

marine, freshwater and terrestrial environments between 1976 and 2005 [19]. (a)

percentage of phenological trends in each taxon by environment combination.

Trends below the horizontal line are advancing and those above it are delaying. Black

bars indicate statistically significant trends. Total sample sizes and probability values

are given above each bar. (b) mean plus or minus SEM of rates of change for plants,

invertebrates and vertebrates. Reproduced from Global Change Biology.

Review Trends in Ecology and Evolution Vol.25 No.10
complicated by biases due to the selective appearance or
disappearance of different categories of animals at differ-
ent stages of the life history [21,22].

The limitations of population-level data are even
more important in evolutionary studies. While repeated
sampling of the genetic structure of populations can provide
estimates of changes in the relative numbers of different
phenotypes or genotypes [23,24], the insights that it offers
into the biological causes of change are often limited, unless
these have been established either by experimental or
observational studies at the individual level. In particular,
longitudinal records of individual life histories are usually
necessary to assess the fitness costs and benefits of different
traits or breeding strategies, since particular actions
or events can have deferred consequences for breeding
success or survival at other stages of the lifespan [25,26].
In addition, population level studies are severely limited in
their ability to explore the effects of social behaviour on
reproduction and survival and their ability to explain the
evolution of reproductive strategies is very limited.

Individual-based studies
The second category consists of long-term studies that are
able to monitor the development and life histories of
samples of individually recognisable animals (Box 1).
Records of this kind make it possible to avoid many of
the limitations of population-level data described above
and have six characteristics of central importance in stud-
ies of ecology and evolution. First, they provide a reliable
basis for documenting age-related changes in life history
parameters. Since the age of individuals affects virtually
all aspects of their behaviour, reproductive performance
and survival, the ability to identify and assess age effects is
of fundamental importance in exploring and interpreting
the effects of environmental parameters on breeding suc-
cess and survival. It is also of importance when investigat-
ing how these effects interact with individual differences in
phenotype or genotype, especially in longer-lived animals.
As a result, studies that explore ecological and evolution-
ary process but fail to take the effects of age into account
are often likely to reach misleading conclusions.

Second, longitudinal studies of individuals make it
possible to connect events at one stage of the life history
to those at another, providing insights into the causes of
variation in growth, breeding success and survival. For
example, studies of vertebrates (including humans) have
demonstrated the substantial effects of differences in early
development on breeding success, survival and longevity in
adults [27,28] and have shown that such differences can
generate contrasts in breeding success or survival between
cohorts and induce changes in population size several
years after the events that caused them [29,30].

Third, individual-based studies provide opportunities to
document the kinship structure of populations and to
assess the effects of social relationships on survival and
breeding success. In many animal populations the social
status of individuals and their relationships with other
group members have an important influence on their
survival and breeding success as well as on the breeding
success of their offspring, with important implications both
for population demography and for the evolution of social
behaviour [31–33]. In some animal societies, these rela-
tionships are strongly influenced by the effects of kinship
on the tendency of individuals to cooperate or compete
[34,35]. In other cases, the history of relationships between
individuals exerts an important influence on their behav-
iour. For example, in some birds, partners commonly
abandon mates with whom they have failed to breed
successfully or which have mated outside the pair [36,37].

Fourth, long-term, individual-based studies make it fea-
sible tomeasure the extent towhich breeding success differs
between individuals and their offspring and to assess the
causes of these differences. Consistent individual differ-
ences in breeding success are common, especially in rela-
tively long-lived multiparous species, generating large
differences in lifetime reproductive success between indivi-
duals that drive selection on particular traits and can have
important consequences for population dynamics and de-
mography [25,38,39]. Successful individuals are often less
affected by adverse environments than unsuccessful indi-
viduals and understanding the extent and causes of these
differences can be important in estimating the demographic
consequences of particular environmental changes.

Fifth, individual-based studies that extend over multi-
ple cohorts provide opportunities for repeated measure-
ment of the strength and direction of selection [40]. In
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many populations, the strength and (less commonly) the
direction of selection varies between years and prolonged
time series are invaluable for exploring the effects of
demographic factors such as population density [41,42]
or environmental variation on selection (e.g. [43–45].

Finally, individual-based data that extend over several
generations have made possible studies of the quantitative
genetics of phenotypic traits in wild populations. Esti-
mates of the genetic variance for traits, and the genetic
covariances between them, reveal the evolutionary poten-
tial of characters, and the extent to which this is con-
strained or amplified by links to other characters
[46,47]. In the last decade, the application of powerful
statistical techniques derived from animal breeding that
utilise repeated observations and multi-generational ped-
igrees has greatly expanded the scope of our understand-
Box 1. Long-term, individual-based field studies of birds and ma

The first long-term individual-based field studies of vertebrates that

could recognise and monitor the life histories of large samples of

individuals were of blue tits and great tits in Holland [150] and Britain

[5,151] (Figure I). The same approach was subsequently extended to

studies of other passerine birds [152–154], seabirds [155], waders

[156,157], waterfowl [148,158] and raptors [159,160]. Longitudinal

field studies of non-human mammals (Figure II) started in the late

1950s and early 1960s. Many of the first long term studies of

mammals were of primates [161–163] but a similar approach was

soon extended to studies of ungulates and other large herbivores

[163–166], carnivores [167,168] and rodents [169,170] and later to

cetaceans [171,172], bats [173,174] and marsupials [175].

Most early studies of birds followed the lead of Kluijver and Lack

and used records of individual life histories to extend research on

population dynamics and demography. Individuals were normally

recognised from leg rings and were rarely habituated to close

observation. In contrast, many of the early individual-based studies

of mammals focused on describing and investigating the structure of

societies and the social processes that maintained them. To collect[(Figure_I)TD$FIG]

Figure I. A selection of birds that are the subject of continuing long-term, individu

Thompson); (c) Bewick’s swan (credit Paul Marshall); (d) Florida scrubjay (credit Reed

Lukas Keller). For each image, the date shows the beginning of long-term data collec
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ing of genetics of phenotypic characters in natural
populations [47].

Each of these six properties of individual based studies
has played an important part in contributing to recent
developments in ecology and evolutionary biology. In the
following sections we briefly describe six topics in which
advances in knowledge over the last thirty years have
depended on the availability of long-term, individual-based
studies and on one or more of these properties.

Development and ageing
An understanding of age-related changes in survival and
breeding success is of central importance both in research
on population ecology and in evolutionary biology. Where-
as a wide range of studies have been able to document
changes in reproductive success and survival over the first
mmals

relevant data for these studies, their subjects needed to be habituated

to close observation and this typically restricted the number of groups

or individuals that could be monitored. As field studies developed,

these contrasts have disappeared. Long-term individual-based stu-

dies of birds and mammals are now commonly used to explore the

costs and benefits of different phenotypic traits or behavioural

strategies. An increasing number of studies of birds are exploring

the structure of social groups and the development of social

relationships between individuals [176]. Like studies of mammals,

some now rely on habituating individuals to close observation and on

recognition using natural markings. In addition, some studies of

social birds have habituated individuals to close observation to a

point at which it is possible to weigh them repeatedly. Conversely,

several field studies of mammals now monitor multiple groups and

several hundred individuals, marking individuals with tags, dye-

marks or transponders. As sample sizes have increased, the

objectives of studies have broadened and individual-based research

programmes are now commonly used to investigate the dynamics

and demography of populations.

al-based field studies: (a) great tit (credit Joe Tobias); (b) fulmar (credit Paul

Bowman); (e) acorn woodpeckers (credit Ron Mumme); (f) song sparrow (credit

tion at the site indicated.
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Figure II. A selection of mammals that are the subject of continuing long-term, individual-based field studies: (a) chimpanzee (credit Ian Gilby); (b) yellow-bellied

marmot (credit Kenneth Armitage); (c) African lion (credit Craig Packer); (d) savannah baboon (credit Jeanne Altmann); (e) bighorn sheep (Fanie Pelletier); (f) red deer

(credit Tim Clutton-Brock).
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half of the lifespan, accurate descriptions of senescence in
natural populations have only recently become available,
especially in short-lived organisms inwhich few individuals
survive to an age when breeding success and survival begin
to decline. A wide range of studies of natural populations
now show that age-related declines in survival and breeding
success are widespread both in short- and long-lived species
[8,48,49] and that fluctuations in age structure can generate
substantial variation in mortality and population size [20].
Detailed studies of large samples of individual life histories
have also made it possible to compare the rate at which
different components of fitness change over the lifespan [50]
and to explore the causes of individual differences in rates of
senescence [51,52]. For example, recent research on birds
and mammals has demonstrated the extent to which early
growth and reproductive history affect age-related changes
in survival [28,53,54] and fecundity [55], whereas other
studies have shown that rates of ageing can be influenced
by genes and maternal age when an individual is born
[56–59].

Accurate measures of age-related changes in natural
populations have also advanced our understanding of
variation in ageing rates between species. For example,
across a wide range of species, life expectancy increases as
the risk of extrinsic mortality declines [48,60]. Similarly,
recent studies of eusocial species, in which breeding
females are provisioned by non-breeding helpers (and so
are at little risk of extrinsic mortality), have shown that
breeding females have unusually extended lifespans,
which in some species are more than an order of magni-
tude longer than those of non-breeders [61,62]. They have
also shed new light on the evolution of sex differences in
ageing. Earlier and more rapid rates of ageing in males
compared to females appear to be related to variation in
the relative reproductive tenure of males and females and
are characteristic of polygynous species in which mating
competition constrains the length of effective reproductive
lifespans in males. In contrast, sex differences in ageing
are small or absent in monogamous species in which the
reproductive lifespans of males and females are of similar
duration [63].

Reproductive ecology and the evolution of life histories
One of the most fundamental contributions of individual-
based field studies has been to understanding the extent
and causes of variation in breeding success in both sexes.
In many animals (and especially in long-lived iteroparous
species), individual differences in breeding success are
large in both sexes [25,38]. One important consequence
of these differences (which has implications both for popu-
lation dynamics and for the genetic structure of popula-
tions) is that a high proportion of recruits are produced by a
relatively small proportion of adults [38,39,64,65]. Inves-
tigating the causes of individual differences in breeding
success remains a fundamental topic of research in animal
ecology. In some cases, fluctuations in the environment are
key: for example, in red deer, cold weather during the last
two months of gestation depresses food availability and is
associated with low birth weights, which in turn affect
subsequent survival and breeding success, generating
marked differences in reproductive performance between
cohorts born in successive years [29]. In other cases, differ-
ences in breeding success appear to be caused by variation
in genotype or genotype by environment interactions. For
example, inbred individuals often survive less well as
juveniles and show reduced reproductive performance
throughout their lives, but the extent to which inbreeding
affects survival and breeding success varies with environ-
565
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Figure 3. Costs of rearing sons and daughters of female red deer of varying status

(from [77]). Figure shows the probability that dominant and subordinate mothers

that have reared sons versus daughters will (a) survive the next winter (b) breed

again the following year. Reproduced from Nature.

[(Figure_2)TD$FIG]

Figure 2. Effects of breeding on overwinter survival for female Soay sheep of

different weight on St Kilda; (a) juveniles in high density years; (b) juveniles in low

density years; (c) mature ewes in high density years; (d) mature ewes in low

density years. Symbols show the proportion of animals in different categories that

survived [74]. (Body weight measured in august). Reproduced from Journal of

Animal Ecology.
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mental conditions [66,67]. As in many areas of ecology, one
challenge is to understand the relative importance of
deterministic and stochastic processes in generating indi-
vidual differences in reproductive success [68,69]. Recent
models of stage-structured life history variation [70,71]
have concluded that most life history variation could be
stochastic in origin, providing a provocative perspective
that contrasts with empirical evidence that fixed differ-
ences between individuals are widespread and are closely
associated with variation in genotype and phenotype [72].

Studies of individual life histories in natural popula-
tions provide the basis for estimating the form and magni-
tude of trade-offs between different fitness components, the
566
relative cost of different strategies and the extent to which
they vary with ecological conditions and between different
categories of individuals. Empirical studies show that the
costs of breeding vary widely and that it is important to
recognise these differences to understand the evolution of
life-history parameters. For example, in Soay sheep, indi-
viduals commonly conceive for the first time either in their
first or their second year of life [73]. In years when popula-
tion density is high, females that conceive in their first year
commonly die in late winter, especially if they are relative-
ly light, whereas individuals that fail to breed show much
higher rates of survival [74] (Figure 2). In contrast, in years
when population density is relatively low, individuals that
fail to breed show lower survival than breeders. Among
mature ewes, too, the production of offspring depresses
survival of light mothers in years when population density
is high but has little effect in years when density is low. In
both age categories, females that fail to breed show lower
survival than successful breeders in low density years,
presumably because they are of lower phenotypic quality
or suffer from parasites or disease.

Sex allocation and sex ratio variation
Individual-based studies have also been pivotal in under-
standing the way in which parents allocate resources to
sons and daughters. Early studies of mammals showed
that sons suckle more frequently than daughters and
that mothers that have raised sons pay higher costs in
terms of elevated mortality and depressed future repro-
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duction [75], confirming theoretical predictions that par-
ents might be expected to invest more heavily in sons than
in daughters in polygynous animals [76]. These effects vary
with maternal rank and only subordinate mothers suffer
additional fitness costs from raising sons [77] (Figure 3).
Related studies have shown that differential sex allocation
can also affect the development of sibs. For example, in
Soay sheep, the birth weights of female lambs born with a
male twin are lower than those of females born with a
female co-twin [78]. Similar effects have subsequently been
shown to occur in humans. For example, in some pre-
industrial human populations, female twins born with
male co-twins show lower fitness than females born with
female co-twins [79,80].

Evidence of contrasts in the costs of raising sons and
daughters stimulated studies to investigate how the rela-
tive fitness of sons and daughters vary with parental char-
acteristics and whether individuals adjust the sex ratio of
their progeny in relation to these differences. For example,
in red deer, maternal dominance affects the lifetime breed-
ing success of sons to a greater extent than that of daughters
and, in low density populations, dominant mothers bias the
sex ratio of progeny towards males [81–83]. Similarly,
individual female Seychelles warblers adjust the sex ratio
of their offspring in relation to the sex-specific payoffs,
which are dependent on the quality of the environment
[84]. The association between individual variation and the
sex ratio is still controversial, but evidence from long-term
studies, both in the form of key empirical tests, and meta-
analyses across a wide range of studies, have begun to
establish the conditions under which sex ratio variation
at the individual level is likely to evolve [85–87].

Structure and dynamics of social groups
Long-term individual-based studies have played a central
role in documenting the structure of animal societies and
the costs and benefits of social relationships. One of their
most important contributions has been to provide detailed
measures of the frequency and distribution of dispersal,
which often has important effects on the dynamics of
populations [88,89] and is usually difficult to measure
unless individuals can be recognised and their movements
monitored. In many animals there are pronounced sex
differences both in the probability of dispersal and dispers-
al distance [90–92], which differ between species and affect
both the kinship structure of groups and the incidence of
cooperation and competition between their members
[32,35]. For example, in many group-living mammals,
females commonly remain in their natal group and often
cooperate with each other, whereas males typically dis-
perse to breed, so that males belonging to the same group
are seldom closely related and cooperation is seldom as
highly developed as in females [32,90,93]. In contrast, in
many group-living birds, males more commonly remain
and breed in their natal group than females and coopera-
tion tends to be more highly developed among males than
females [32,90]. Several different explanations of these
differences have been suggested [92], but one important
factor is the probability that females will reach sexual
maturity in a group in which their father is the resident
dominant male [32,94]. Inbreeding with close relatives
commonly has substantial costs to survival or reproductive
success [66,95] and in cases in which females reach breed-
ing age in a group in which their father or brothers are
reproductively active, they commonly either delay sexual
maturity, select other mating partners or disperse [96–99].

Individual-based studies have also explored the struc-
ture of social relationships and their effects on breeding
success and survival. Some of the first studies of animal
social behaviour identified the presence of consistent differ-
ences in dominance status betweenmales and showed that,
relative to subordinates, dominants usually achieved en-
hanced access to mates and increased reproductive success,
although this is not invariably the case [100,101]. In species
in which individuals compete alone, contrasts in rank are
commonly associated with variation in individual fighting
success, which is often positively related to body size and
condition as well as to early development [102,103]. In
contrast, in those species in which individuals support each
other in social interactions, individual differences in social
rank and breeding success are commonly affected by the
strength and extent of social relationships between indivi-
duals and their allies or supporters [104,105].

More recently, studies that have been able to document
the life histories of females have shown that here too differ-
ences in rank are often positively correlated with measures
of breeding success [106,107] and are commonly affected by
social relationships with other group members. For exam-
ple, field studies of baboons show that the breeding success
of females is often positively correlated with the numbers of
theirmatrilineal relatives in their groupand that individual
differences in breeding success are affected by the total
number of individuals (including non-relatives as well as
relatives) that they interact with on a regular basis [33].
Recent studiesof social interactionshavenowmovedbeyond
the analysis of dyadic interactions, using network analysis
to describe the structure of interactions between group
members [108,109], and this approach is likely to be widely
used in future. These studies show that individuals vary
widely and consistently in their social connections with
other group members and that individual differences in
these connections commonly affect access to resources
and the costs of social interactions [110] and have important
consequences for health and reproductive success [111].

Individual-based studies have also played a crucial role
in exploring the evolution of cooperative societies and
eusocial societies in which group members cooperate to
feed and guard young other than their own. Extensive and
costly cooperation of this kind is almost entirely restricted
to species living in stable groups consisting of close rela-
tives [112–114] and is commonly associated with the phys-
iological suppression of reproduction in helpers [115]. One
important line of research into the evolution of these
systems involves exploring the evolution of contrasts in
the distribution of reproduction among group members
[116,117]. Another involves investigating the factors that
affect individual differences in contributions to cooperative
activities: these are often large and are closely related to
variation in the condition of helpers as well as to the
probability that they will be able to breed themselves
[118]. In both cases, studies rely on protracted monitoring
of the behaviour and life histories of individuals.
567
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Figure 4. Causes of inbreeding, and its long-term fitness consequences for

individual great tits. (a) Natal dispersal distances (means and interquartile

ranges) for great tits (open symbols males, closed symbols females) that mated

with partners related to them to different degrees (from [149]), Reproduced from

Proceedings of the Royal Society London B; (b) Cumulative effect of inbreeding on

successive life history stages in a wild population of great tits. Pale bars show

values for offspring resulting from outbred matings (f(ij) = 0.0, scales to 1.0); black

bars show values for offspring resulting from inbred matings (f(ij) = 0.25) (from

[67]). Reproduced from Journal of Evolutionary Biology.
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Quantitative genetics in wild populations
Understanding the relative roles of genes and the environ-
ment is fundamental to our understanding of what pheno-
typic traits are, how they are likely to behave in response to
selection and how changes in the global environment are
likely to affect populations and communities [119]. Quan-
titative genetics has traditionally been the preserve of
plant breeders, or those working with animals in captivity.
This is largely because estimating genetic effects with
precision not only needs information about the relatedness
among individuals, but also needs very large samples,
because the effects are often weak and highly modified
by environmental variation. In recent years, long-term
studies of wild animals have reached the level of maturity
in terms of the number of individuals and generations
available to make possible the application of flexible ana-
lytical tools from the animal breeding field [47,120] and
this has injected a more explicitly evolutionary focus into
work on the causes and consequences of variation in fitness
and fitness-related traits. For example, several recent
studies have been able to assess the cost of inbreeding
in natural populations and to explore the factors affecting
its incidence (Figure 4).

Quantitative genetic approaches are now commonly
used to estimate the genetic variances of traits and the
genetic covariances between them, providing important
insights into the extent to which populations are free to
evolve in response to selection, and making it possible to
test specific evolutionary hypotheses. Multiple studies
have confirmed that there are consistent relationships
between the strength of selection on a trait and its herita-
bility (lower for traits under stronger selection) and addi-
tive genetic variance (the opposite pattern) [121–125].
Since heritability is the ratio of additive genetic variance
to phenotypic variance, this implies that traits subject to
stronger selection are subject to relatively greater degrees
of environmental variation. A single trait in a given popu-
lation might show variable extents of genetic variation
with environment [44], or with age [126] and this might
be important for the trait’s evolutionary dynamics. For
example, in Soay sheep, heritability of birth weight is
lowest in years when selection on birth weight is strongest,
suggesting a constraint on any evolutionary response
[127]. Studies of the covariance between traits are also
crucial for understanding their evolutionary dynamics. For
example, in Soay sheep the genetic covariance between
horn size and lifetime reproductive success changes sign
across a key environmental gradient, suggesting how vari-
ation in horn size is maintained [128]. In mute swans, the
genetic covariance between age of first breeding and age at
last breeding is negative, providing support for antagonis-
tic pleiotropy models of the evolution of senescence [56].

These studies of quantitative genetics in wild popula-
tions are likely to be the first wave of a series of studies,
which will make increasing use of genetic marker-derived
information to aid the mapping of phenotypes to genes
[129–131], and, ultimately, the identification of specific loci
underpinning individual variation in populations. This is a
fast-moving area in which advances in technology are
driving rapid increases in the scale and ease with which
genetic information can be obtained, but it remains the
568
case that good quality phenotypic data, for animals span-
ning a range of generations, will continue to be invaluable
and the availability of these data could limit the rate of
progress. By contrast, one very welcome development is
that genetic tools open up a wider range of possibilities in
terms of the types of organisms and mating systems that
can be studied effectively, and for which longitudinal
studies of marked populations become feasible [132].

The evolution of phenotypic plasticity
Repeated observations of individuals, and the ability to
link observations across all stages of an animal’s life
history, are also important prerequisites for understand-
ing the ability of individuals to produce flexible phenotypes



Box 2. Changes in phenotype with time

Phenotypic change associated with temporal changes in the environ-

ment (including those caused by climate change or other anthropo-

genic factors) can arise via a number of mechanisms and it is important

to distinguish between them in order to access the permanence of

changes and their likely consequences (Figure I). Currently, we have

little understanding of the extent to which these changes reflect

evolutionary change within populations [177], but data from long-

itudinal studies of individuals offer a number of methods to do so:

(i) Regression of mean estimated breeding value on time, to test for

a change in the additive genetic breeding value over time, which

would be evidence for evolution (see [178] for cautionary notes

relating to this approach).

(ii) Comparison of the average phenotypic plasticity along a given

environmental gradient (short, continuous lines) with the popula-

tion mean response across the same gradient (long, dashed line).

If the average within-individual plasticity is the same as the rate

of response at the population level, this suggests that the entire

population response can be accounted for by phenotypic

plasticity.

(iii) The rate of phenotypic change over time can be estimated in terms

of standard deviations per generation; if the heritability of the trait is

known, or can be assumed, this yields a prediction of the average

strength of selection needed to produce a change of this magnitude.

(iv) Finally, the rate of phenotypic change per generation can be

compared with the theoretical maximum (Rmax) sustainable within

populations.

Figure I. Techniques for assessing the evidence for evolutionary responses to

environmental change within populations. Reproduced with permission from

Effects of Climate Change on Birds, Oxford University Press [179].
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in response to both internal and external aspects of their
environment. An increasing number of studies have docu-
mented persistent effects of natal conditions on life histo-
ries in birds and mammals, including humans [133–137]
(although they are not ubiquitous [135,138]). There is now
a need to understand the mechanistic basis of these effects
[139], and whether they represent adaptive responses to
differing environments, or are a consequence of energetic
constraints on development [140,141]. Effects of this type
are of particular interest because it may provide a simple
mechanism for environmental effects to be transmitted
across generations, and could contribute to long-term dif-
ferences in population dynamics across environments
[142], generating positive feedback loops that cause in-
creased differentiation among individuals.

Phenotypic plasticity often provides a key means by
which a match between the phenotype and the environ-
ment is achieved, especially for iteroparous organisms
[143]. Repeated observations of individuals facilitate the
characterisation of plastic responses, and analytical frame-
works have recently been developed to partition popula-
tion-level variation into within- and between- individual
components, and to partition the latter into components
that have genetic or environmental sources [144,145]. As
yet, our understanding of the causes of variation in plas-
ticity within populations is rudimentary. However, prelim-
inary work suggests that the extent of plasticity in
response to the same environmental cue can vary across
populations of the same species [146] and that variation in
maternal conditions can lead to differences in the average
degree of plasticity in offspring size [147]. Exploration of
phenotypic plasticity in natural populations has also been
carried out in the context of understanding the mechan-
isms underlying responses to climate change, and provides
a framework for distinguishing among potential mechan-
isms for change. Distinctions of this kind can only be
achieved effectively with longitudinal studies of marked
individuals (Box 2).

Challenges facing long-term individual based studies
Although they offer important insights into ecological
and evolutionary pressures, long-term individual-based
studies are often complicated to run and difficult to
maintain [26]. Many of them (especially studies of the
larger mammals) have to be carried out in isolated areas
and face logistical problems ranging from access to reg-
ular supplies to political instability and direct threats to
resident scientists. Researchers based in national parks
and natural reserves are often subject to restrictions on
their activities and many conservation authorities have
become increasingly sceptical of the value of long-term
research unless it provides direct guidance to manage-
ment. Most long-term studies necessarily involve the
collection of data by many individuals and so maintain-
ing consistency and quality is seldom easy. In addition,
the need to monitor the full life histories of large samples
of individuals under consistent conditions is often at
odds with the need to test specific hypotheses through
controlled experiments which affect the life histories of
individuals, the consistency of demographic records and
the ability to monitor the consequences of long term
environmental changes.

Of all the obstacles faced by long-term studies, the
greatest single problem is the difficulty of maintaining
funding without interruptions. As time passes, grant com-
mittees require continuing evidence that studies are
remaining productive and are continuing to break new
ground. So just how productive are long-term studies
and how does their output change with time? Because
we could find no relevant analyses, we carried out a survey
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Box 3. The output of long-term, individual-based field studies

Our survey of long-term field studies based in the UK included

publication records for fifty-one long-term (>10 years), individual-

based studies of which the longest had been running for more than

fifty years (Figure Ia). The sample included most of the well known

long-term studies in Britain: great tits and blue tits, pied

flycatchers, mute swans, Bewick’s swans, fulmars and kittiwakes,

red deer and Soay sheep. Almost all of these studies were

reasonably productive, but a quarter of them were exceptional,

producing multiple publications each year and large numbers over

the total period they had been running (Figure Ib). Most of these

have been able to document the life histories of large numbers of

individuals and now involve scientists from several different

universities or institutes with complementary expertise, who share

access to a common data-base containing the life histories of large

numbers of individuals.

Analysis of the publication trajectories of the studies in our sample

shows that, in general, the longest running studies are the most

productive. In the majority of cases, the first publications only appear

after studies have been running for several years. Subsequently,

annual rates of publication increase rapidly and continue to do so for

at least two decades (Figure Ic). In addition, the probability that

studies will generate at least one paper per year in a high impact

journal (defined for the purposes of this study as a paper in Science,

Nature, PNAS or Current Biology) increases rapidly (Figure Id),

suggesting that the originality of the work increases with the duration

of studies. Figure I. Output of 51 long-term, individual based studies based in the UK (a)

frequency of studies of different duration; (b) total publications per study; (c)

publications per year of study; (d) probability of producing a paper in Science,

Nature, PNAS or Current Biology/per year.
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of the publication record of long-term animal field studies
in the UK in collaboration with Kelly Moyes (Box 3).

Our analysis showed that a relatively small number of
high quality, long-term, individual-based studies are re-
sponsible for a disproportionate number of publications in
organismal biology and, especially, for publications in
journals with the highest impact factors. The reason for
their high productivity is not difficult to identify. Access to
large numbers of recognisable individuals with known life
histories spanning many years provides the possibility of
asking (and answering) a wide range of novel questions
that are otherwise inaccessible. This then paves the way
for statistical analysis or experiments that isolate the
effects of particular parameters, which could not be feasi-
bly performed on samples of unknown individuals. In
addition, long-term individual based studies offer oppor-
tunities to test assumptions used in other studies of eco-
logical and evolutionary processes in other species in
which similar data are unavailable. And, because of the
quality, extent and sophistication of the data, a high
proportion of organismal biologists that win senior post-
doctoral jobs or lectureships haveworked on one of themat
some stage of their careers and so the same studies make
an important contribution to training ecologists and evo-
lutionary biologists

As research in organismal biology develops and under-
standing the biological consequences of environmental
change becomes increasingly necessary, the importance
of long-term studies providing precise demographic data
and long runs of reliable records of individual life histories
is likely to grow. However, the usual structure of research
funding based on three-year grants is poorly suited to
maintaining them.Even if grant applications are carefully
570
structured and their aims are novel, applications are
bound to fail at some stage, generating interruptions in
the continuity of data that affect records of the life histo-
ries of a large proportion of individuals in the population
and, in some cases, causing long-term studies to be aban-
doned. Finding a better way of supporting long-term eco-
logical research that helps to maintain long-term studies
but does not unfairly advantage them should be one of the
concerns of institutions funding ecology and evolutionary
biology.

Acknowledgements
We are grateful to Kelly Moyes for allowing us to publish Figure I, Box 3,
to Josephine Pemberton, Loeske Kruuk and Paul Craze for comments and
discussion and to Penny Roth for typing the manuscript. Thanks also to
Sinead English for assistance with figures. The authors are grateful to all
the scientists involved in long-term studies that provided information on
their productivity in response to their questionnaire as well as to those
that provided the photographs shown in Box 1, Figures 1 and 2.

References
1 Harrington, R. et al. (2007) Environmental change and the

phenology of European aphids. Glob. Change Biol. 13, 1550–1564
2 Sinclair, A.R.E. and Arcese, P., eds (2001) Serengeti II: Dynamics,

Management andConservation of anEcosystem, University of Chicago
Press

3 Schwartz, O.A. et al. (1998) A 32-year demography of yellow-bellied
marmots (Marmota flaviventris). J. Zool. 246, 337–346

4 Perrins, C.M. et al. (1991) Bird Population Studies, Oxford University
Press

5 Lack, D. (1966) Population Studies of Birds, Oxford University Press
6 Sinclair, A.R.E. (1977) The African Buffalo: A Study of Resource

Limitation of Populations, University of Chicago Press
7 Hanski, I. et al. (1991) Specialist predators, generalist predators, and

the microtine rodent cycle. J. Anim. Ecol. 60, 353–367
8 Newton, I. (1998) Population Limitation in Birds, London Academic

Press



Review Trends in Ecology and Evolution Vol.25 No.10
9 Lawler, J.J. et al. (2006) Predicting climate-induced range shifts:
model differences and model reliability. Glob. Change. Biol. 12,
1568–1584

10 Ratcliffe, D. (1980)The Peregrine Falcon (1st edn), T. and A. D. Poyser,
Carlton

11 Ratcliffe, D.A. (1970) Changes attributable to pesticides in egg
breakage frequency and eggshell thickness in some British birds.
J. Appl. Ecol. 7, 67–115

12 Dunnet, G.M. (1982) Oil pollution and seabird populations. Phil.
Trans. R. Soc. London B Biol. Sci. 297, 413–427

13 Pain, D.J. et al. (1995) Lead concentrations in birds of prey in Britain.
Environ. Pollut. 87, 173–180

14 Croxall, J.P. et al. (1990) Reproductive performance, recruitment and
survival of wandering albatrosses Diomedea exulans at Bird Island,
South Georgia. J. Anim. Ecol. 59, 775–796

15 Crick, H.Q.P. and Sparks, T.H. (1999) Climate change related to egg-
laying trends. Nature 399, 423–424

16 Cotton, P.A. (2003) Avian migration phenology and global climate
change. Proc. Natl. Acad. Sci. U. S. A. 100, 1219–1222

17 Edwards, M. and Richardson, A.J. (2004) Impact of climate change on
marine pelagic phenology and trophic mismatch.Nature 430, 881–884

18 Langvatn, R. et al. (2004) Timing and synchrony of ovulation in red
deer constrained by short northern summers. Amer. Nat. 163, 763–

772
19 Thackeray, S.J. et al. (2010) Trophic level asynchrony in rates of

phenological change for marine, freshwater and terrestrial
environments. Glob. Change. Biol. DOI:10.1111/j.1365-2486.2010.
02165.x

20 Coulson, T. et al. (2001) Age, sex, density, winter weather, and
population crashes in Soay sheep. Science 292, 1528–1531

21 van de Pol, M. and Verhulst, S. (2006) Age-dependent traits: a new
statistical model to separate within and between individual effects.
Amer. Nat. 167, 765–773

22 Rebke,M. et al. (2010) Reproductive improvement and senescence in a
long-lived bird. Proc. Natl. Acad. Sci. U. S. A. 107, 7841–7846

23 Endler, J.A. (1986) Natural Selection in the Wild, Princeton
University Press

24 Maynard Smith, J.M. (1989)EvolutionaryGenetics, OxfordUniversity
Press

25 Clutton-Brock, T.H. (1988) Reproductive success. In Reproductive
Success (Clutton-Brock, T.H., ed.), pp. 472–486, University of
Chicago Press

26 Clutton-Brock, T. and Sheldon, B.C. (2010) The seven ages of Pan.
Science 237, 1207–1208

27 Lindström, J. (1999) Early development and fitness in birds and
mammals. Trends Ecol. Evol. 14, 343–347

28 Lummaa, V. and Clutton-Brock, T.H. (2002) Early development,
survival and reproduction in humans. Trends Ecol. Evol. 17, 141–147

29 Albon, S.D. et al. (1987) Early development and population dynamics
in red deer. II. Density-independent effects and cohort variation. J.
Anim. Ecol. 56, 69–81

30 Coulson, T. et al. (2004) The demographic consequences of releasing a
population of red deer from culling. Ecology 85, 411–422

31 Clutton-Brock, T.H. (2001) Sociality and population dynamics. In
Ecology: Achievement and Challenge (Press, M.C. et al., eds), pp.
47–66, Blackwell

32 Clutton-Brock, T. (2009) Structure and function in mammalian
societies. Phil. Trans. R. Soc. London B Biol. Sci. 364, 3229–3242

33 Silk, J.B. et al. (2003) Social bonds of female baboons enhance infant
survival. Science 302, 1331–1334

34 Silk, J.B. (2009) Nepotistic cooperation in non-human primate groups.
Phil. Trans. R. Soc. London B Biol. Sci. 364, 3243–3254

35 Cornwallis, C.K. et al. (2009) Routes to indirect fitness in
cooperatively breeding vertebrates: kin discrimination and limited
dispersal. J. Evol. Biol. 22, 2445–2457

36 Ens, B.J. et al. (1993) Divorce in the long-lived and monogamous
oystercatcher.Haematopus ostralegusi: is incompatibility or choosing
a better option? Anim. Behav. 45, 1199–1217

37 Cezilly, F. and Nager, R.C. (1995) Comparative evidence for a positive
association between divorce and extra-pair paternity in birds. Proc. R.
Soc. London B Biol. Sci. 262, 7–12

38 Newton, I. (1989) Lifetime Reproduction in Birds, London Academic
Press
39 Hochachka, W.M. (2006) Unequal lifetime reproductive success and
its implications for small, isolated populations. In Conservation and
Biology of Small Populations (Smith, J.N.M. et al., eds), pp. 155–174,
Oxford University Press

40 Siepielski, A.M. et al. (2009) It’s about time: the temporal dynamics of
phenotypic selection in the wild. Ecol. Lett. 12, 1261–1276

41 Garant, D. et al. (2004) Phenotypic evolution in a changing
environment: a case study with great tit fledging mass. Amer. Nat.
164, E115–E129

42 Clutton-Brock, T.H. (2004) The causes and consequences of
instability. In Soay Sheep: Dynamics and Selection in an Island
Population (Clutton-Brock, T.H. and Pemberton, J.M., eds), pp.
276–310, Cambridge University Press

43 Moorcroft, P.R. et al. (1996) Density-dependent selection in a cyclic
ungulate population. Proc. R. Soc. London B Biol. Sci. 263, 31–38

44 Wilson, A.J. et al. (2007) Quantitative genetics of growth and cryptic
evolution of body size in an island population. Evol. Ecol. 21, 337–356

45 Charmantier, A. et al. (2008) Adaptive phenotypic plasticity in
response to climate change in a wild bird population. Science 320,
800–803

46 Lynch, M. and Walsh, B. (1998) Genetics and Analysis of Quantitative
Traits, Sinauer

47 Kruuk, L.E.B. et al. (2008) New answers for old questions: the
evolutionary quantitative genetics of wild animal populations.
Annu. Rev. Ecol. Syst. 39, 525–548

48 Bennett, P.M. andOwens, I.P.F. (2002)Evolutionary Ecology of Birds,
Oxford University Press

49 Jones, O.R. et al. (2008) Senescence rates are determined by ranking
on the fast slow life history continuum. Ecol. Lett. 11, 664–673

50 Nussey, D.H. et al. (2009) Inter- and intra-sexual variation in ageing
patterns across reproductive traits in a wild red deer population.
Amer. Nat. 174, 342–357

51 Monaghan, P. et al. (2008) The evolutionary ecology of senescence.
Funct. Ecol. 22, 371–378

52 Sharp, S.P. and Clutton-Brock, T.H. (2010) Reproductive senescence
in a cooperatively breeding mammal. J. Anim. Ecol. 79, 176–183

53 Tavecchia, G. et al. (2005) Predictors of reproductive cost in female
Soay sheep. J. Anim. Ecol. 74, 201–213

54 Nussey, D. et al. (2006) The rate of senescence in maternal
performance increases with early-life fecundity in red deer. Ecol.
Lett. 9, 1342–1350

55 Bouwhuis, S. et al. (2010) Individual variation in rates of senescence:
natal origin effects and disposable soma in a wild bird population. J.
Anim. Ecol. DOI:10.1111/j.1365-2656.2010.01730.x

56 Charmantier, A. et al. (2006) Quantitative genetics of age at
reproduction in the mute swan: support for antagonistic pleiotropy
models of senescence. Proc. Natl. Acad. Sci. U. S. A. 103, 6587–

6592
57 Brommer, J.E. et al. (2007) Exploring the genetics of ageing in a wild

passerine bird. Amer. Nat. 170, 643–650
58 Wilson, A.J. et al. (2007) Evidence for a genetic basis of ageing in two

wild vertebrate populations. Curr. Biol. 17, 2136–2142
59 Bouwhuis, S. et al. (2010) Trans-generational effects on ageing in a

wild bird population. J. Evol. Biol. 23, 636–642
60 Harvey, P.H. and Zammuto, R.M. (1985) Patterns of mortality and age

at first reproduction in natural populations of mammals. Nature 315,
319–320

61 Carey, J.R. (2001) Demographic mechanisms for the evolution of long
life in social insects. Exp. Gerontol. 36, 713–722

62 Sherman, P.W. and Jarvis, J.U.M. (2002) Extraordinary life spans of
naked mole-rats (Heterocephalus glaber). J. Zool. 258, 307–311

63 Clutton-Brock, T. and Isvaran, K. (2007) Sex differences in ageing in
natural populations of vertebrates. Proc. R. Soc. London B Biol. Sci.
274, 3097–3104

64 Smith, J.N.M. (2004) Genetic and demographic risks to small
populations revisited. In Conservation and Biology of Small
Populations (Smith, J.N.M. et al., eds), pp. 193–206, Oxford
University Press

65 Moyes, K. et al. (2009) Exploring individual quality in a wild
population of red deer. J. Anim. Ecol. 78, 406–413

66 Keller, L.F. et al. (2002) Environmental conditions affect the
magnitude of inbreeding depression in survival of Darwin’s finches.
Evolution 56, 1229–1239
571

http://dx.doi.org/10.1111/j.1365-2486.2010. 02165.x
http://dx.doi.org/10.1111/j.1365-2486.2010. 02165.x
http://dx.doi.org/10.1111/j.1365-2656.2010.01730.x


Review Trends in Ecology and Evolution Vol.25 No.10
67 Szulkin, M. et al. (2007) Inbreeding depression along a life history
continuum in great tits. J. Evol. Biol. 20, 1531–1543

68 Leigh, E.G. (2007) Neutral theory: a historical perspective. J. Evol.
Biol. 20, 2075–2091

69 Lenormand, T. et al. (2009) Stochasticity in evolution. Trends Ecol.
Evol. 24, 157–165

70 Tuljapurkar, S. et al. (2009) Dynamic heterogeneity in life histories.
Ecol. Lett. 12, 93–106

71 Steiner, U.K. et al. (2010) Dynamic heterogeneity and life history
variability in the kittiwake. J. Anim. Ecol. 79, 436–444

72 Reid, J.M. et al. (2010) Parentage, lifespan and offspring survival:
structured variation in life history in a wild population. J. Anim. Ecol.
79, 851–862

73 Clutton-Brock, T.H. and Pemberton, J.M. (2004) Individuals and
populations. In Soay Sheep: Dynamics and Selection in an Island
Population (Clutton-Brock, T.H. and Pemberton, J.M., eds), pp. 1–16,
Cambridge University Press

74 Clutton-Brock, T.H. et al. (1996) Population fluctuations and life
history tactics in female Soay sheep. J. Anim. Ecol. 65, 675–689

75 Clutton-Brock, T.H. et al. (1981) Parental investment in male and
female offspring in polygynous mammals. Nature 289, 487–489

76 Trivers, R.L. and Willard, D.E. (1973) Natural selection of parental
ability to vary the sex ratio of offspring. Science 179, 90–92

77 Gomendio, M. et al. (1990) Mammalian sex ratios and variation in
costs of rearing sons and daughters. Nature 343, 261–263

78 Korsten, P. et al. (2009) Sexual conflict in twins: male co-twins reduce
fitness of female Soay sheep. Biol. Lett. 5, 663–666

79 Lummaa, V. (2001) Reproductive investment in pre-industrial
humans: the consequences of offspring number, gender and
survival. Proc. R. Soc. London B Biol. Sci. 268, 1977–1983

80 Lummaa, V. et al. (2007) Male twins reduce fitness of female co-twins
in humans. Proc. Natl. Acad. Sci. U. S. A. 104, 10915–10920

81 Clutton-Brock, T.H. (1986) Great expectations: dominance, breeding
success and offspring sex ratios in red deer. Anim. Behav. 34, 460–

471
82 Clutton-Brock, T.H. et al. (1991) Persistent instability and population

regulation in Soay sheep. J. Anim. Ecol. 60, 593–608
83 Sheldon, B.C. and West, S.A. (2004) Maternal dominance, maternal

conditon and offspring sex ratio in ungulate mammals. Amer. Nat.
163, 40–54

84 Komdeur, J. et al. (1997) Extreme adaptive modification in the sex
ratio of the Seychelles warbler’s eggs. Nature 385, 522–525

85 Charnov, E.L. (1982) The Theory of Sex Allocation, Monographs in
Population Biology, Princeton University Press

86 Clutton-Brock, T.H. and Iason, G.R. (1986) Sex ratio variation in
mammals. Q. Rev. Biol. 61, 339–374

87 West, S.A. (2009) Sex Allocation, Princeton University Press
88 Clutton-Brock, T.H. et al. (2002) Sex differences in emigration and

mortality affect optimalmanagement of deer populations.Nature 415,
633–637

89 Mathysen, E. (2005) Density-dependent dispersal in birds and
mammals. Ecography 28, 403–416

90 Greenwood, P.J. (1980) Mating systems, philopatry and dispersal in
birds and mammals. Anim. Behav. 28, 1140–1162

91 Clarke, A.L. et al. (1997) Sex biases in avian dispersal: a reappraisal.
Oikos 79, 429–438

92 Lawson Handley, L.J. and Perrin, N. (2007) Advances in our
understanding of mammalian sex-biased dispersal. Molec. Ecol. 16,
1559–1578

93 Clutton-Brock, T. (2009) Cooperation between non-kin in animal
societies. Nature 462, 51–57

94 Clutton-Brock, T.H. (1989) Female transfer and inbreeding avoidance
in social mammals. Nature 337, 70–71

95 Keller, L.F. and Waller, D.M. (2002) Inbreeding effects in wild
populations. Trends Ecol. Evol. 17, 230–241

96 Pusey, A.E. (1987) Sex-biased dispersal and inbreeding avoidance in
birds and mammals. Trends Ecol. Evol. 2, 295–299

97 Wolff, J.O. (1992) Parents suppress reproduction and stimulate
dispersal in opposite sex juvenile white-footed mice. Nature 359,
409–410

98 Koenig, W. and Haydock, J. (2004) Incest and incest avoidance. In
Ecology and Evolution of Cooperative Breeding in Birds (Koenig, W.
and Dickinson, J.L., eds), pp. 142–156, Cambridge University Press
572
99 Nunes, S. (2007) Dispersal and philopaptry. In Rodent Societies
(Wolff, J.O. and Sherman, P.W., eds), pp. 150–163, University of
Chicago Press

100 Hausfater, G. (1975) Dominance and reproduction in Baboons (Papio
cynocephalus). A quantitative analysis. Contrib. Primatol. 7, 1–150

101 Walters, J.R. and Seyfarth, R.M. (1997) Conflict and cooperation. In
Primate Societies (Smuts, B.B. et al., eds), pp. 306–317, University of
Chicago Press

102 Clutton-Brock, T.H. (1982) Red Deer: The Behaviour and Ecology of
Two Sexes, Edinburgh University Press

103 Clutton-Brock, T.H. (1991) The Evolution of Parental Care,
Monographs in Behavior and Ecology (Krebs, J.R. and Clutton-
Brock, T.H., eds), Princeton University Press

104 Duffy, K. et al. (2007) Male chimpanzes exchange political support for
mating opportunities. Curr. Biol. 17, R586–R587

105 Langergraber, K.E. et al. (2007) The limited impact of kinship on
cooperation in wild chimpanzees. Proc. Natl. Acad. Sci. U. S. A. 104,
7786–7790

106 Holekamp, K.E. et al. (1996) Rank and reproduction in the female
spotted hyaena. J. Reprod. Fertil. 108, 229–237

107 Silk, J.B. et al. (2007) The adaptive value of sociality in mammalian
groups. Phil. Trans. R. Soc. London B Biol. Sci. 362, 539–559

108 Wey, T. et al. (2008) Social network analysis of animal behaviour: a
promising tool for the study of sociality. Anim. Behav. 75, 333–344

109 Madden, J.R. et al. (2009) The social network structure of a wild
meerkat population: 2. Intragroup interactions. Behav. Ecol.
Sociobiol. 64, 81–95

110 Lehmann, J. and Dunbar, R.I.M. (2009) Network cohesion, group size
and neocortex size in female-bondedOldWorld primates.Proc. R. Soc.
London B Biol. Sci. 276, 4417–4422

111 Drewe, J.A. (2010)Who infects who? Social networks and tuberculosis
transmission in wild meerkats. Proc. R. Soc. London B Biol. Sci. 277,
633–642

112 Russell, A.F. (2004) Mammals: comparisons and contrasts. In
Ecology and Evolution of Cooperative Breeding in Birds (Koenig,
W. and Dickinson, J., eds), pp. 210–227, Cambridge University
Press

113 Clutton-Brock, T.H. (2006) Cooperative breeding in mammals. In
Cooperation in Primates and Humans (Kappeler, P.M. and van
Schaik, C.P., eds), pp. 173–190, Springer Verlag

114 Boomsma, J.J. (2009) Lifetime monogamy and the evolution of
eusociality. Phil. Trans. R. Soc. London B Biol. Sci. 364, 3191–

3208
115 Young, A.J. (2009) The causes of physiological suppression in

vertebrate societies: a synthesis. In Reproductive Success in
Vertebrates (Hager, R. and Jones, C., eds), pp. 397–436, Cambridge
University Press

116 Magrath, R.D. (2004) Reproductive skew. In Ecology and Evolution of
Cooperative Breeding in Birds (Koenig, W. and Dickinson, J., eds), pp.
157–176, Cambridge University Press

117 Hager, R. and Jones, C., eds (2009)Reproductive Skew in Vertebrates,
Cambridge University Press

118 Clutton-Brock, T.H. (2002) Breeding together: kin selection and
mutualism in cooperative vertebrates. Science 296, 69–72

119 Ellegren, H. and Sheldon, B.C. (2008) Genetic basis of fitness
differences in wild populations. Nature 452, 169–175

120 Kruuk, L.E.B. (2004) Estimating genetic parameters in wild
populations using the ‘animal model’. Phil. Trans. R. Soc. London
B Biol. Sci. 359, 873–890

121 Kruuk, L.E.B. et al. (2000) Heritability of fitness in a wild mammal
population. Proc. Natl. Acad. Sci. U. S. A. 97, 698–703

122 Merila, J. and Sheldon, B.C. (2000) Lifetime reproductive success and
heritability in nature. Amer. Nat. 155, 301–310

123 McCleery, R.H. et al. (2004) Components of variance underlying
fitness in a natural population of the great tit Parus major. Amer.
Nat. 164, E62–E72

124 Coltman, D.W. et al. (2005) Selection and genetic (co)variance in
bighorn sheep. Evolution 59, 1372–1382

125 Teplitsky, C. et al. (2009) Heritability of fitness components in a wild
bird population. Evolution 63, 716–726

126 Charmantier, A.C. et al. (2006) Age-dependent genetic variance in a
life history trait in the mute swan. Proc. R. Soc. London B Biol. Sci.
273, 225–232



Review Trends in Ecology and Evolution Vol.25 No.10
127 Wilson, A.J. et al. (2006) Environmental coupling of selection and
heritability limits evolution. PLOS Biol. 4, 1270–1275

128 Robinson, M.R. et al. (2008) Environmental heterogeneity generates
fluctuating selection on a secondary sexual trait. Curr. Biol. 18, 751–

757
129 Gratten, J. et al. (2008) A localized negative genetic correlation

constrains microevolution of coat color in wild sheep. Science 318,
319–320

130 Slate, J. et al. (2009) Gene mapping in the wild with SNPs: guidelines
and future directions. Genetica 136, 97–107

131 Li, M-H. and Merila, J. (2010) Sex-specific population structure,
natural selection, and linkage disequilibrium in a wild bird
population as revealed by genome-wide microsatellite analyses.
BMC Evol. Biol. 10, 66

132 Rodriguez-Munoz, R. et al. (2010) Natural and sexual selection in a
wild insect population. Science 328, 1269–1272

133 Cam, E. et al. (2003) Long-term fitness consequences of early
conditions in the kittiwake. J. Anim. Ecol. 72, 411–424

134 Reid, J.M. et al. (2003) Environmental variability, life history
covariation and cohort effects in the red-billed chough Pyrrhocorax
pyrrhocorax. J. Anim. Ecol. 72, 36–46

135 Bateson, P. et al. (2004) Developmental plasticity and human health.
Nature 430, 419–421

136 van de Pol, M. et al. (2006) A silver spoon for a golden future: long-
term effects of natal origin on fitness prospects of oystercatchers
(Haematopus ostralegus). J. Anim. Ecol. 75, 616–626

137 Hamel, S. et al. (2009) Individual quality, early-life conditions, and
reproductive success in contrasted populations of large herbivores.
Ecology 90, 1981–1995

138 Wilkin, T.A. and Sheldon, B.C. (2009) Sex differences in the
persistence of natal environmental effects on life histories. Curr.
Biol. 19, 1998–2002

139 Weaver, I.C.G. et al. (2004) Epigenetic programming by maternal
behavior. Nat. Neurosci. 7, 847–854

140 Taborsky, M. (2006) The influence of juvenile and adult environments
on life history trajectories. Proc. R. Soc. London B Biol. Sci. 273, 741–

750
141 Monaghan, P. (2008) Early growth conditions, phenotypic developent

and environmental change. Phil. Trans. R. Soc. London B Biol. Sci.
363, 1635–1645

142 Beckerman, A. et al. (2002) Population dynamic consequences of
delayed life history effects. Trends Ecol. Evol. 17, 263–269

143 Pigliucci, M. and Murren, C.J. (2003) Genetic assimilation and a
possible evolutionary paradox: can macroevolution sometimes be so
fast as to pass us by? Evolution 57, 1455–1464

144 Brommer, J.E. et al. (2005) Natural selection and genetic variation for
reproductive reaction norms in a wild bird population. Evolution 59,
1362–1371

145 Nussey, D.H. et al. (2007) The evolutionary ecology of individual
phenotypic plasticity in wild populations. J. Evol. Biol. 20, 831–844

146 Husby, A. et al. (2010) Contrasting patterns of phenotypic plasticity in
reproductive traits in two great tit populations. Evolution 64, 2221–

2237
147 Nussey, D.H. et al. (2005) Phenotypic plasticity in a maternal trait in

red deer. J. Anim. Ecol. 74, 387–396
148 Scott, D.K. (1988) Reproductive success in Bewick’s swans. In

Reproductive Success (Clutton-Brock, T.H., ed.), pp. 220–236,
University of Chicago Press

149 Szulkin, M. and Sheldon, B.C. (2008) Dispersal as a means of
inbreeding avoidance in a wild bird population. Proc. R. Soc.
London B Biol. Sci. 275, 703–711

150 Kluijver, H.N. (1951) The population ecology of the great tit Parus m.
major (L). Ardea 39, 1–135

151 Lack, D. (1954) The Natural Regulation of Animal Numbers,
Clarendon Press
152 Grant, P.R. (1986) Ecology and Evolution of Darwin’s Finches,
Princeton University Press

153 Grant, P.R. et al. (2001) A population founded by a single pair of
individuals: establishment, expansion and evolution. Genetica 112–

113, 359–382
154 Smith, J.N.M. et al. (2006) Life history: patterns of reproduction and

survival. In Conservation and Biology of Small Populations (Smith,
J.N.M. et al., eds), pp. 31–42, University Press New York

155 Dunnet, G.M. et al. (1979) A twenty-eight year study of breeding
fulmars Fulmarus glacialis (L.) in Orkney. Ibis 121, 293–300

156 Harris, M.P. (1970) Territory limiting the size of the breeding
population of the oystercatcher (Haematopus ostralegus) - a
removal experiment. J. Anim. Ecol. 39, 707–713

157 Ens, B.J. et al. (1995) The despotic distribution and deferredmaturity:
two sides of the same coin. Amer. Nat. 146, 625–650

158 Cooke, F. and Rockwell, R.F. (1988) Reproductive success in a lesser
snow goose population. In Reproductive Success (Clutton-Brock, T.H.,
ed.), pp. 237–250, University of Chicago Press

159 Newton, I. (1985) Lifetime reproductive output of female
sparrowhawks. J. Anim. Ecol. 54, 241–253

160 Newton, I. (1986) The Sparrowhawk. T. and A. D. Poyser, Carlton
161 DeVore, I. (1965) Primate Behavior: Field Studies of Monkeys and

Apes, Holt, Rinehart and Winston
162 Goodall, J. (1968) The behaviour of free-living chimpanzes in

the Gombe Stream Reserve. Anim. Behav. Monographs 1, 165–

311
163 Kummer, H. (1968) Social Organization of Hamadryas Baboons,

University of Chicago Press
164 Geist, V. (1971) Mountain sheep: a study in behavior and evolution. In

Wildlife Behavior and Ecology (Schaller, G.B., ed.), p. 383, University
of Chicago Press

165 Douglas-Hamilton, I. (1973) On the ecology and behavior of the Lake
Manyara elephants. E. Afr. Wildl. J. 11, 401–403

166 Festa-Bianchet, M. (1989) Individual differences, parasites, and the
costs of reproduction for bighorn ewes (Ovis canadensis). J. Anim.
Ecol. 58, 755–795

167 Schaller, G.B. (1972) The Serengeti Lion, University of Chicago Press
168 Kruuk, H. (1972) The Spotted Hyaena, University of Chicago Press
169 Armitage, K.B. (1975) Social behavior and population dynamics of

marmots. Oikos 26, 341–354
170 Hoogland, J.L. (1995) The Black-tailed Prairie Dog, University of

Chicago Press
171 Mann, J. et al., eds (2000) Cetacean Societies: Field Studies of

Dolphins and Whales, University of Chicago Press
172 Connor, R.C. and Smolker, R.A. (1985) Habituated dolphins (Tursiops

sp) in western Australia. J. Mammal. 66, 398–400
173 Racey, P.A. (1982) Ecology of bat reproduction. In Ecology of Bats

(Kunz, T.H., ed.), pp. 57–70, Plenum Press
174 Kerth, G. (2008) Animal sociality: bat colonies are founded by

relatives. Curr. Biol. 18, R740–742
175 Jarman, P.J. and Southwell, C. (1986) Grouping, associations and

reproductive strategies in eastern grey kangaroos. In Ecological
Aspects of Social Evolution (Rubenstein, D.R. and Wrangham,
R.W., eds), pp. 399–428, Princeton University Press

176 Koenig, W. and Dickinson, J., eds (2004) Ecology and Evolution of
Cooperative Breeding in Birds, Cambridge University Press

177 Gienapp, P. et al. (2008) Climate change and evolution:
disentangling environmental and genetic responses. Molec. Ecol.
17, 167–178

178 Hadfield, J.D. et al. (2010) The misuse of BLUP in ecology and
evolution. Amer. Nat. 175, 116–125

179 Sheldon, B.C. (2010) Genetic perspectives on the micro-evolutionary
consequences of climate change in birds. In Effects of Climate Change
on Birds (Møller, A.P., Berthold, P. and Fiedler, W., eds), pp. 149–168,
Oxford University Press
573


	Individuals and populations: the role of long-term, individual-based studies of animals in ecology and evolutionary biology
	Long-term studies at different biological levels
	Population-level studies
	Individual-based studies
	Development and ageing
	Reproductive ecology and the evolution of life histories
	Sex allocation and sex ratio variation
	Structure and dynamics of social groups
	Quantitative genetics in wild populations
	The evolution of phenotypic plasticity
	Challenges facing long-term individual based studies
	Acknowledgements
	References


