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The issue of time scaling in conservation biology and ecology is rarely considered, yet
has crucial implications. If time scale is inappropriate, it impedes the search for gener-
alities. Data on threatened species are typically limited, so the search for generalities
is important in conservation biology where extrapolations from well studied taxa to
threatened species are often needed. When time scale is specified in conservation biol-
ogy and ecology it is typically defined in years. However, theoretical and empirical
evidence indicates that extinction risk scales to generations, as do catastrophes, and
environmental and genetic stochasticity. Examples are given of important insights
achieved by analyses using generations. Conversely, human social and political con-
siderations are more likely to require scaling to years, so the purpose of studies needs
to be carefully defined. Progress in conservation biology and ecology will be impeded
if the issue of time scale is not addressed carefully.

Introduction

Time scales are rarely discussed explicitly in
conservation biology and ecology, but are often
tacitly assumed to scale to years rather than gen-
erations, or some mixture of these. The World
Conservation Union (IUCN) uses a mixture of
years and generations in its threatened species
categorization system, with both being used for
critically endangered and endangered categories,
but years alone being used for the vulnerable cat-
egory (IUCN 2002). By contrast, the genetic fac-
tors contributing to extinction risk (inbreeding

depression and loss of genetic diversity) clearly
scale to generations (Frankham et al. 2002).
Does this ambiguity regarding time scale really
matter? Here we argue that careful consideration
of the units of time scale is crucial for success-
ful interpretation of many ecological processes,
especially those related to extinction risk.

The choice of biological time scale is crucial
in several contexts in conservation biology and
ecology, as follows:

°* A major objective of science in general
and conservation biology and ecology
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in particular is to seek general principles
(Belovsky et al. 2004). Shared evolutionary
history leads us to expect similar principles to
apply across related taxa. General principles
are extremely important in conservation
biology where there is often a lack on data
on threatened species, but an urgent need
for immediate action. Finding generalities
useful for conservation management will be
impeded if inappropriate time scales are used
in analyses. In analyses of data across taxa
there is a need to minimise experimental noise
to maximise statistical power. If analyses are
carried out using an inappropriate time scale
then uncontrolled variation may be excessive
and statistical power low. It is notable that
there are many generalities across taxa in
evolutionary genetics where most processes
are modelled and analysed on generation
scales (Falconer & Mackay 1996, Futuyma
1998, Frankham et al. 2002). By contrast, in
conservation biology and ecology the unique
characteristics of each species is usually
stressed and few generalities have emerged
(Primack 1998, Belovsky et al. 2004),
except for the pervasive allometric scaling
of body mass with various demographic
and physiological attributes (Peters 1983).
Recently there has been an upsurge in interest
in searching for generalities in ecology with
the establishment of centres such as the
National Center for Ecological Analysis and
Synthesis (NCEAS) and large data bases
such as the Global Population Dynamics
Database (NERC 1999) for analyses of long
term data sets from different taxa (e.g. Fagan
et al. 2001, Inchausti & Halley 2001, 2003).
e Data for most threatened taxa are very lim-
ited. Since political and administrative deci-
sions are frequently made without the time or
data to support detailed case-specific evalua-
tions, there is a need for simple scientifically
based rules of thumb for minimum viable
population sizes and minimum habitat areas
to use in such cases. Even for threatened
species with some data, there is a great need
for “default” data sets to use from related
taxa, especially for variances of life his-
tory parameters. Variances have extremely
high sampling errors (Sokal & Rohlf 1995)

and are underestimated with short data sets
(Pimm & Redfearn 1988, Arino & Pimm
1995, Inchausti & Halley 2001). In particu-
lar, reliable information on environmental
stochasticity and the frequency and severity
of catastrophes (extreme drop in population
size due to extreme weather, disease epidem-
ics, etc.) has been very limiting in population
viability analyses (Reed et al. 2003a). Con-
sequently default values for these parameters
are badly needed and must be based on as
broad a range of species as possible.

In evolutionary biology, scale must be
addressed when data from different sized animals
are compared. Size allometry has been known
since the classic work of D’Arcy Thompson
(1942). For example, the impact of breeding
system on testis size was only revealed after
the effect of body size was removed (Harcourt
et al. 1981). Similarly, brain size comparisons
must account for differences in body size (e.g.
Gittleman 1994). Scaling of extinction risk by
generations also has the effect of removing body
size effects, as we indicate below (Millar &
Zammuto 1983, Peters 1983).

Does extinction risk scale to years
or generations?

Contemporary extinctions are caused by the
combined effects of systematic human-asso-
ciated factors (habitat loss, over exploitation,
introduced species and pollution), and stochastic
factors (demographic, environmental and genetic
stochasticity and catastrophes) (Frankham er al.
2002, Merila & Kotze 2003). Theoretical and
empirical evidence indicates that extinction risk
and its stochastic components scale more closely
to generations than years. We argue below that
the human-associated systematic risk factors are
so variable in impact over time that they often
have no clear scale.

Based on analytical models, Leigh (1981)
predicted that extinction risk would scale to
generations. Armbruster et al. (1999) demonstrated
the inappropriateness of year-based viability
assessments for elephant populations and indicated
that generations was the natural time scale for
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extinction risk. Belovsky (1987) found that
extinction risk scaled with body size, being less
for large bodied species when other factors, such
as population size, were held constant. Since body
size is closely related to generation length (Millar
& Zammuto 1983), this indicates that extinction
risk scales to generations. Further, Newmark
(1995) found that age at maturity, an indicator
of generation length, was positively related to
species survival in mammals in US national parks
when population size effects were controlled for.
O’Grady (2002) has shown that extinction risk
due to the combined effects of all systematic
and stochastic factors scales better to generations
than years. He determined, for 30 vertebrate taxa,
minimum viable population sizes (MVP) required
for a 90% probability of persistence for 100
years and then asked if generation length was
a useful predictor of MVP. Extinction risk was
significantly related to generation length, being
lower on a per year basis for long-lived species,
all other factors being similar. However, when
the analyses were repeated for the same taxa,
but MVPs determined for a 90% probability of
persistence over 11 generations (the mean number
of generations for 100 years for these taxa),
number of years was not a predictor of extinction
risk. A related result can be gleaned from Reed
et al. (2003b). Minimum viable population sizes
for 99% persistence for 40 generations across
102 vertebrate taxa were similar across trophic
levels (herbivores, omnivores and carnivores),
major vertebrate taxa (mammals, birds and
poikilotherms) and latitudes, but these similarities
would not be apparent on a scale of years (Bessa-
Gomes et al. 2003). Thus, extinction risk scales
better to generations than years in animals.

Most of the stochastic components of extinc-
tion risk also scale better to generations than
years. As indicated above, there are compelling
theoretical reasons and empirical evidence that
inbreeding depression and loss of genetic diver-
sity occur on a generational scale (Frankham ez
al. 2002). Recently, we have found that the fre-
quency of catastrophic die-offs (50% or greater
decline in population size) scales better to gen-
erations than to years, based on analyses of data
on 88 vertebrate species with long-term popu-
lation dynamics data sets (Reed er al. 2003a).
Environmental stochasticity and maximal rates

of population increase (r_) may also scale better
to generations than to years, at least in mammals.
The widely quoted view that small mammals
grow faster and fluctuate more in population
size than large mammals disappears when they
are compared on a per-generation scale (Fowler
1988, Sinclair 1996), indicating that regulatory
processes and environmental stochasticity scale
better to generations than years. Whilst we are
not aware of any explicit consideration of the
scaling of demographic stochasticity, natural
variations in sex ratios, birth and death rates are
associated with greatest risk around reproduc-
tion, so they may be more closely associated with
generations. Further, deterministic population
fluctuations, driven by unstable age- or stage-
cohorts (Beckerman et al. 2003), will be more
strongly related to generational time scales.

The scaling of human impacts on wildlife
populations is rather variable and inconsistent.
Human impacts do not scale to human popula-
tion growth (and therefore human generations)
alone, but also to per capita consumption of
natural resources, especially total energy use
(Ehrlich 1994). Habitat loss is generally accel-
erating in wild areas, but varies for particular
species and countries (WCMC 1992). Habitat
loss is typically increasing in the developing
world, but national parks and other protected
areas are now increasing across the globe (Rod-
rigues et al. 2004). The time trend and scale of
over-exploitation of populations is very vari-
able. For some species, such as many fish and
forest tree species, harvest is increasing with the
demographic and economic growth of human
population, especially in the third world, but for
others such as koalas and whales it has peaked
and then declined thanks to legislation and effec-
tive protection.

The impact of introduced species on native
taxa is very variable and has no obvious scal-
ing unit. Overall, it has tended to get worse
over time, but in the developed world the rather
free flowing and liberal period of introductions
during the 19th and early 20th centuries gave
way to more restrictive regulations designed to
curb undesirable introductions. More recently,
however, the huge increases in human popula-
tion, travel and trade have probably increased
the number of introductions of undesirable spe-
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cies (e.g. fire ants into Australia; Henshaw et al.
2004).

Pollution is expected, in theory, to increase
with human population and per capita consump-
tion. However, in the developed world it has
peaked and declined due to legislation and effec-
tive controls. In the developing world, pollution
is generally increasing with human population
size and time. Yet, overall, the lack of clear scal-
ing of systematic human-associated impacts has
not affected the general conclusion that extinc-
tion risk scales better to generations than to
years (Belovsky 1987, O’Grady 2002, Reed et
al. 2003b).

Clearly, the purpose of a study, whether sci-
entific or social/political, needs to be defined
before deciding upon the most appropriate scale.
We have been referring to natural biological
scales. When we turn to human social and politi-
cal considerations, time scales are more naturally
expressed in years, or some other unit appropri-
ate to human population or economic growth
(Hutton & Dickson 2000, ITUCN 2002). Conse-
quently, different scales are likely to be best for
biological versus human political considerations.

What insights have been achieved
by using a generation scale?

Catastrophes are predicted to have a major influ-
ence on the probability of extinction. The use
of the generation scale has allowed us to reduce
noise in the analysis of the frequency and severity
of catastrophes in 88 species of vertebrates (Reed
et al. 2003a). Catastrophes have a frequency of
approximately 14% per generation, and there are
no significant differences in frequency among
major vertebrate taxa. In a similar manner, mini-
mum viable population sizes (MVP) required
for long term persistence are generally believed
to be highly circumstance and species specific,
depending on the environment and life history
characteristic of the species (Bessa-Gomes et al.
2003). However, MVPs for a 99% probability of
persistence for 40 generations for 102 species
averaged approximately 7000 and did not differ
among major taxa, or with latitude or trophic
level (Reed et al. 2003b). Length of data set in
generations was shown to have a major effect on

minimum viable population size (longer moni-
toring detected more variation, leading to larger
MVPs), but study duration in years did not have
a significant effect. Even the widely perceived
gulf between small and large mammal popula-
tion dynamics (Caughley & Krebs 1983) no
longer exists when time is considered on a per
generation basis (Sinclair 1996).

An evaluation of the relative importance of
16 widely used indicators of extinction risk gave
a clear and intuitively satisfying outcome when
analysed on the scale of generations. Population
size and trend in population size were clearly the
best predictors across 45 vertebrate taxa, with
most of the other 14 widely promoted variables
either having non-significant explanatory powers
or entering only in significant interaction terms
with the best predictors (O’Grady et al. 2004).
Population size predicts the impact of stochastic
factors, while trend indicates the extent of human
impacts. Thus, data collection on threatened spe-
cies can be concentrated on population size and
State of the Environment reporting can usefully
concentrate on population size and trend. Revi-
sions of endangered species categorization sys-
tems might also give higher weighting to these
variables.

In conclusion, it is critical that the appropri-
ate biological time scale be used in conservation
biology and ecology if useful generalizations are
to be made. Extinction risk scales biologically
to generations and analyses on this scale have
revealed a range of important insights. Other
time scale dependent phenomena such as preda-
tor-prey interactions, competition and succession
may also yield improved insights if considered
on a generational scale.
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