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Abstract

Modern climate change is producing poleward range shifts of numerous taxa,
communities and ecosystems worldwide. The response of species to changing
environments is likely to be determined largely by population responses at range
margins. In contrast to the expanding edge, the low-latitude limit (rear edge) of species
ranges remains understudied, and the critical importance of rear edge populations as
long-term stores of species’ genetic diversity and foci of speciation has been little
acknowledged. We review recent findings from the fossil record, phylogeography and
ecology to illustrate that rear edge populations are often disproportionately important for
the survival and evolution of biota. Their ecological features, dynamics and conservation
requirements differ from those of populations in other parts of the range, and some
commonly recommended conservation practices might therefore be of little use or even

counterproductive for rear edge populations.
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INTRODUCTION: MARGINAL POPULATIONS,
THE LEADING AND THE REAR EDGE

There is now ample evidence that modern climate change is
reshuffling the geographic distributions of plant and animal
species world-wide (Parmesan & Yohe 2003). The dynamics
of those populations that inhabit the latitudinal margins of the
distribution range are likely to be critically important in
determining species’ responses to expected climate change
(e.g. Thomas ef al. 2001; Iverson ez al. 2004; Travis & Dytham
2004). Here, we argue that rear edge populations, defined as
those populations residing at the current low-latitude margins
of species’ distribution ranges, ate dispropottionately import-
ant for the long-term conservation of genetic diversity,
phylogenetic history and evolutionary potential of species and
that their investigation and conservation deserve high priority.

Comparing the behaviour of local populations across
species’ distribution ranges has a long tradition (Brown e# a/.
1996). A major paradigm of this research is the ‘centre-
petiphety hypothesis’, which predicts that marginal popula-
tions are more prone to extinction and genetically less diverse
than those from the centre, because they tend to occur in less
favourable habitats and at lower and more variable densities
(Lawton 1993; Vucetich & Waite 2003). Although the utility

of this paradigm at local to regional scales is generally
accepted, recent empirical work has challenged its significance
at broad geographical scales (Channell & Lomolino 1999;
Sagarin & Gaines 2002a,b; Vucetich & Waite 2003). In
particular, phylogeographic surveys show that rangewide
patterns of population genetic diversity are usually shaped by
past climate-driven range dynamics (Hewitt 2000, 2004)
rather than by demo-genetic stochasticity perse, as proposed in
the centre-periphery model. As a consequence, marginal
rather than central populations commonly harbour the bulk of
species’ genetic diversity (e.g. Petit e a/. 2003; Hewitt 2004).
In summary, the utility of the deterministic centre-periphery-
model is limited in the context of range modifications driven
by climatic changes.

During the past decade, a more dynamic view of present-
day distribution ranges has increasingly been adopted in
phylogeography, invasion biology and global change bio-
logy, and the demographic and evolutionary processes that
accompany species expansions have attracted much atten-
tion (e.g. Sakai et a/. 2001; Thomas et al. 2001; Petit ef al.
2004). In patticulat, the ‘leading edge’ model of coloniza-
tion, which states that range expansions involve mostly
populations from the colonization front and are largely
controlled by rare long-distance dispersal events followed by
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exponential population growth, has become a central
paradigm in phylogeography, as it helps to explain the
commonly observed poleward decrease of genetic diversity
both within and among populations (Hewitt 1993, 2000).

In contrast, no theoretical study has investigated the
behaviour of populations located at eroding range margins
following climate change (see below), and there are only a
handful of empirical studies addressing this issue. In
principle, the behaviour at such distribution edge could
range between two extremes: populations could become
completely extirpated, resulting in latitudinal displacement
of a species’ range, or a varying fraction could pertsist,
resulting in a simple expansion of the range into newly
favourable regions without concomitant decline at the other
extremity. We suggest reserving the term ‘trailing edge’ for
the first situation; populations that inhabit trailing edges
should therefore be at most slightly older than other
populations of the range. A good example of this situation is
provided by some boreal species such as spruce in North
America, whose range has entirely shifted since the last ice
age (Williams ez /. 2004). In contrast, ‘stable edges’ should
refer to situations where at least some populations have
persisted 7z situ at suitable growing sites across Quaternary
climatic oscillations, while the species expanded its range
into other regions; these stable relict populations can be two
or three orders of magnitude older than any populations
from the rest of the range and have often persisted in long-
term isolation. So far, opinions differ as to the relative
importance of these two types of rear edges (Bennett ez 4/
1991; Davis & Shaw 2001), but phylogeographic surveys
suggest that relict populations exist in a large number of
species, particularly whenever mountain ranges are present
at low latitudes of current ranges (e.g. Hewitt 2000, 2004;
Petit ¢t al. 2003). In what follows, we focus on ‘stable’ rear
edges, given their importance for the conservation of
species’ biodiversity.
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FEATURES OF STABLE REAR EDGE POPULATIONS

Such populations should occur mostly in regions that have
provided suitable conditions for species persistence under
both cold stage and warm stage conditions (Tzedakis 7 /.
2002). These regions typically harbour a heterogeneous
topography, which allows populations to match suitable
climatic conditions by relatively small altitudinal shifts.
Under current climatic conditions, extant populations of
terrestrial organisms are primarily constrained by water
availability, while water temperature and its secondary
effects are probably most limiting for aquatic and marine
species. In either ecosystem, rear edge populations are
typically restricted to particular habitat islands within a
matrix of unsuitable landscapes. Figure 1 illustrates some of
their most salient features. Rear edge populations are
typically small and so isolated that regional population
dynamics cannot easily compensate local extinction events.
Their successful long-term persistence in spite of fairly small
population sizes, at least during interglacial periods, indi-
cates that extinction because of demographic stochasticity
has played a relatively minor role (contradicting the centre-
periphery-model). However, their small size and prolonged
isolation have resulted in reduced within-population genetic
diversity (see e.g. Castric & Bernatchez 2003; Petit ef al.
2003; Chang ez al. 2004). On the other hand, dispropor-
tionately high levels of genetic differentiation are obsetved
among such populations, even between nearby ones, leading
to exceptionally high levels of regional genetic diversity
(Comps et al. 2001; Castric & Bernatchez 2003; Hampe e/ 4.
2003; Petit ez al. 2003; Martin & McKay 2004). Note indeed
that most of these relict populations have not been the
source of major postglacial recolonizations, contrary to
common belief, thereby preserving their high genetic
distinctiveness (e.g. Bilton e al 1998; Petit ef al. 2003).
Furthermore, selection for local adaptation rather than for

Leading edge Dominant processes

Long-distance dispersal
Founder events
Population growth

Cold stress

Figure 1 Population features and relevant
processes at the leading and the rear edge of
species ranges. The width of grey bars
shown on the left hand indicates the quantity
of features at the corresponding position
within the range.
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vagility and generalism is expected in these populations
(Dynesius & Jansson 2000), which can, in association with
reduced gene flow, result in the development of remarkably
distinct ecotypes (Hampe & Baitlein 2000; Castric &
Bernatchez 2003; Pérez-Tris et al. 2004).

LONG-TERM IMPORTANCE OF THE REAR EDGE

Present-day geographic patterns of biodiversity result from
the interplay of three population-dynamic processes acting
throughout the Quaternary: divergence (ultimately leading
to speciation), extinction and migration. The description of
migration processes during postglacial range expansions has
been a major goal of palacoecological and, mote recently,
phylogeographic research. However, patterns observed
during interglacial periods have regularly been wiped out
at their end, as range contractions have mostly resulted from
massive population extinctions at high-latitude range mar-
gins, whereas migration towards lower latitudes has appar-
ently been of little importance (Bennett e a/. 1991; Jansson
& Dynesius 2002). Consequently, patterns of migration
should have had a minor effect on the evolution and
maintenance of biodiversity across Quaternary climate
oscillation.

In contrast to the individualistic nature of migration
processes, Quaternary species extinctions have apparently
been remarkably deterministic. Svenning (2003) showed
recently, in a thorough analysis of the Northwest European
Tertiary tree flora, that only the most climate-tolerant genera
were able to cope with Quaternary climate oscillations,
whereas cold-sensitive but relatively drought-tolerant genera
are now restricted to the southern Mediterranean Basin and
the least tolerant genera have completely disappeared from
the continent (while they survived in the milder regions of
North America and East Asia). This pattern underscores the
importance of the long-term persistence of rear edge
populations in shaping current biogeographical patterns
through its mitigating effect on extinctions. It is probably
not limited to temperate latitudes, as the regional richness of
plant and vertebrate endemic species worldwide is positively
correlated with past climate stability (Jansson 2003).

Rear edge populations should also have played a major
role in the diversification of the biota. Many modern species
of plants and animals date back to the Tertiary (Hewitt 2000;
Willis e al. 2004). Since gradual speciation appears to be a
slow process, at least in long-lived taxa, it would seem that
only regions that have allowed long-term population
persistence through both cold and warm Quaternary stages
have some chance of giving birth to new species (Jansson &
Dynesius 2002). In phylogeographic studies, only ‘shallow’
lineages are generally found at high latitudes compared with
much deeper lineages in areas where survival under glacial
maximum conditions is probable (Petit e /. 2003; Hewitt

2004). This negative relationship between lineage divergence
and latitude is especially strong in regions that have been
under the most direct influence of Quaternary glaciations,
but it is not exclusive to this part of the globe (Martin &
McKay 2004).

Hence, populations that inhabit present-day rear edges of
species ranges appear to have played a key role for the
maintenance of biodiversity throughout the Quaternary. A
thorough evaluation of their curtent performance and
viability appears therefore of utmost importance for
successful conservation of intra- and interspecific biodiver-
sity under anticipated global change.

RESEARCH ON REAR EDGE POPULATIONS

We conducted a bibliometric study to identify current trends
in research on peripheral populations. The ISI Web of
Science bibliographic database (1945 to October 2004) was
screened in a heuristic search using the combined terms
‘population’, ‘range’ and ‘margin’, as well as different
synonyms. (The combination was necessary to exclude
studies from other disciplines and retain a manageable
sample size.) Original studies that focused on global-scale
range margins were considered only when they provided a
minimum amount of ecological information, thereby exclu-
ding studies that merely reported new peripheral popula-
tions of a given taxon. Papers were classified according to
the principal focus of the study (theoretical, genetic or
ecological), their consideration or not of past or future
dynamics and the type of study organism and ecosystem.
We found a total of 382 studies dealing with range
margins, most of them published in recent years (Fig. 2).
Most studies (86%) took place in terrestrial ecosystems (vs.
4% for aquatic and 5% for marine ecosystems). Latitudinal
range margins were investigated in 300 papers, while the rest
reported on other situations (mostly recent invasions, other
core-periphety situations or modelling exercises). An
increasing fraction of studies has considered the dynamic
nature of species ranges, although it is still ignored in many
recent investigations (Fig. 2). The vast majority of research
has taken place in Europe or North America. There has
been a strong bias towards high-latitude range margins (86%
of studies), whereas only a relatively minor number of
studies dealt with rear edge populations: 27 with static and
20 with dynamic range perspectives, plus 16 surveys that
included both range margins. No theoretical or modelling
exercise has so far explicitly explored the behaviour of rear
edge populations, be they of the ‘stable’ or the ‘trailing’ type
(Fig. 2; cf. Travis & Dytham 2004 for a related study).
Likewise, no experimental work or long-term data series and
very few palacoecological analyses of the fossil record (but
see Tzedakis ez al. 2002) have focused on low-latitude range
margins, in contrast to the opposite periphery. Virtually all
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available information on rear edge population dynamics
comes therefore from snapshot studies that have either been
carried out along climatic gradients (e.g. Garcia ef al. 1999;
Epps ¢t al. 2004) or have extrapolated results of short-term
studies on long-term series of weather data (e.g. Hodar ef al.
2003; Hampe 2005). A range-dynamic view has largely
remained the domain of phylogeographic research, while
few ecological field studies have been designed to assess
range dynamics at the rear edge (in stark contrast with range
margins at high latitudes or altitudes). The eatliest notable
exception was Hamburg & Cogbill’s (1988) investigation of
the recent decline of red spruce (Picea rubens Sarg.) in the
Eastern USA. Since then, an increasing number of studies
have started to document and analyse recent altitudinal
range shifts at the low-latitude range margin of species
because of extinction of the lowermost populations (e.g.
Parmesan 1996; Fisher 1997; Pounds e /. 1999; Pefiuelas &
Boada 2003; Epps e/ al. 2004; Lesica & McCune 2004).

PRESENT AND FUTURE PERFORMANCE OF REAR
EDGE POPULATIONS

Virtually all field ecological research has been conducted on
perennial plants. Studies have largely focused on reproduc-
tion and initial recruitment, as these are the most dynamic
and vatiable stages of the regeneration cycle and therefore
most amenable to short-term ecological studies. Negative
effects of recent climate change on rear edge populations
have been identified for the Eurasian shrub Frangula alnus
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Miller, whose seed production is greatly affected by the
timing of the onset of summer drought, which has advanced
significantly over the past few decades (Hampe 2005). In
contrast, increasing winter temperatures appear to depress
reproductive success in southern petipheral populations of
Pinus sylvestris L., as they favour outbreaks of the pine
processionary caterpillar, Thaumetopoea  pityocampa  Schiff
(Hodar ez al. 2003). Studies on initial plant recruitment have
usually observed that water stress during summer reduces
seedling sutrvival to almost zero in the most peripheral
populations, which appear to be virtually remnant under
current climatic conditions (Garcia ef al. 1999; Pefiuelas &
Boada 2003; Castro et al. 2004). However, for long-lived
organisms, demographic trends of rear edge populations
cannot simply be inferred from their current recruitment
rates (e.g. Eriksson 1996; Clark ez a/ 1999). Instead changes
of adult mortalities could be much better indicators, but
these have scarcely been monitored. A notable exception is
the work of Allen & Breshears (1998) who reported a
massive dieback of P. ponderosa Douglas ex Lawson &
C. Lawson in a New Mexican woodland ecotone during a
recent severe drought period. However, this case exem-
plifies a classical ‘trailing edge’ situation. Instead, the
existence of stable rear edges could be particularly common
in those plant or animal species whose populations are able
to endure long periods without recruitment (by long life
span, clonal growth, persistent seed banks etc.; cf. Garcia &
Zamora 2003). Unfortunately, too few empirical studies
exist at present to test this hypothesis. Finally, it would be
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interesting to test if climate change affected rear edge
population performance primarily through direct abiotic
limitations, such as drought in terrestrial or water
temperature in aquatic systems, or via their effects on
biological interactions, such as competition or the breakup
of mutualistic relationships (e.g. Loehle 1998).

Altogether, ecological research on rear edge populations
is still very limited, making predictions hazardous. At the
same time, predictions based on climate envelope modelling
(e.g. Thomas e al. 2004) are becoming commonplace and
these seem to leave little long-term prospects for rear edge
populations, despite observations on the importance and
historical continuity of many rear edge populations dis-
cussed in the preceding paragraphs. In fact, work on current
impacts of global change indicates greater stability of low-
latitude than of high-latitude range margins: for instance,
during the 20th century, 34% of the non-migratory butterfly
species surveyed by Parmesan e 2/ (1999) had stable high-
latitude distribution edges compared with 72% that had
stable low-latitude edges. The authors suggest that the
greater average stability of low-latitude range limits is
possibly not because of climatic factors but to biotic ones
and to the heterogeneous topography in rear edge popula-
tions that offers a greater diversity of climatic ‘niches’. It
seems thus that (stable) rear edges might not disappear as
readily as forecasted by bioclimate envelope models (e.g.
Skov & Svenning 2004; Thomas ef al. 2004). Indeed, such
models make a number of unrealistic assumptions, partic-
ularly so for rear edge populations (Loehle & LeBlanc 1996;
Lochle 1998; Thuiller ez a/ 2004). For instance, species’
current ranges are assumed to be in equilibrium with their
environment and to reflect primarily climatic tolerance,
whereas other factors, such as dispersal limitation or
interactions with other organisms, are often neglected
(Iverson ez al. 2004; Svenning & Skov 2004; Thomas ef al.
2004). Perhaps most importantly in the context of rear
edges, bioclimate envelope models rely mostly on climate
data derived from global circulation models and ignore that
regional-scale climate changes can be buffered locally by
topographic heterogeneity. In summary, two visions of the
future of rear edge populations currently coexist, ranging
between predictions of complete disappearance based on
modelling and more optimistic expectations based on past
persistence. A more balanced view will probably emerge
once more research will have been conducted on these
populations.

RESEARCH AND CONSERVATION NEEDS

We are only beginning to understand the biological
implications of past and ongoing range shifts on species’
genetic constitution and evolutionary potential (e.g. Davis &
Shaw 2001; Petit e/ a/ 2004), and bridging both large-scale

and local-scale perspectives is required to appreciate the
character and conservation needs of rear edge populations, a
difficult exercise. Palacoecological studies are usually of little
help, as their geographical resolution is generally too coarse
to detect the historical existence of small relict populations.
Furthermore, ‘relict hotspots’ — ateas that harbour rear edge
populations of many species — are commonly located in
regions of the world where the socio-economic situation
limits research activities. As these relict hotspots often
coincide with centres of high biodiversity and endemism,
other organisms will often have monopolized most
resources. Accordingly, the value of relict populations at
the low-latitude margins of many species’ distribution ranges
has remained largely unperceived by consetvation biologists.
Some glacial relicts have been included in regional or
national red lists, but neither research nor conservation
programs seem to have been dedicated to rear edge
populations per se (although Lesica & Allendorf (1995) have
considered the conservation value of peripheral populations
in general). Here, we outline three areas in which further
development of research and conservation measures
appears particularly necessary.

(1) Exploratory surveys should identify further centres of
relict diversity. Outside Europe and North America our
knowledge about the location of glacial refugia is still
very fragmentary (Noss 2001; Hewitt 2004). Relicts
hotspots should be concentrated in a limited number of
regions around the globe that have allowed survival of
many species during both Quaternary cold and warm
stages in particular wet and/or cool habitats. The
typically small size of these sites should render their
detection difficult but could facilitate subsequent
conservation measures. On the other hand, it makes
them prone to human disturbance, particulatly in arid
regions where human water demands and browsing by
cattle represent serious threats (e.g. Danin 1999; Garcia
et al. 1999).

(2) The performance of rear edge populations under
changing environmental conditions should become a
focus of interdisciplinary research, by integrating
demographic and genetic work with modelling approa-
ches and with community ecology. So far, almost all
research has focused on temperate perennial plants,
and investigation of a broader spectrum of organisms,
communities and biomes is clearly needed. Long-term
experimental studies are required that distinguish
climate effects from other factors, such as habitat
fragmentation, genetic load in small populations or
biotic interactions. For instance, competition with
surrounding communities (or invasive aliens) appears
to accelerate the breakdown of ‘islands’ of relict
vegetation (Pounds et al. 1999; Pefiuelas & Boada
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2003), which might otherwise be more resistant to
direct climate effects. However, species interactions
could also have the opposite effect, since facilitation
tends to increase under water stress (cf. Danin 1999;
Castro ¢ al. 2004), allowing persistence of a given
species in areas where simple models predict that it
cannot survive. Realistic predictions of future rear edge
population performance requires the development of
models that can integrate population dynamics, eco-
system processes and climate trends at landscape to
regional scales (Hannah ez a/ 2002).

(3) Appropriate consetrvation strategies need to be designed
that consider the peculiarities of rear edge populations.
For instance, the particular genetic structure of rear edge
populations requites conservation strategies directed
towards the detection and maintenance of the greatest
possible number of local populations, regardless of their
size or performance, instead of focusing on the most
viable core populations. Likewise, improvement of
landscape connectivity is commonly considered essen-
tial to allow species to match climate changes by shifting
their range (e.g. Noss 2001; Hannah e# a/. 2002; Thomas
et al. 2004), but it would be of little use at stable rear
edges and might even be counterproductive, if it
enhances competition with surrounding communities
or promotes invasion by aliens. Hence, specific conset-
vation measures will have to be identified to effectively
preserve these relict populations.
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