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INTRODUCTION
- PAST CLIMATE CHANGES IMPACTS ON BIODIVERSITY: AN OLD STORY IN BIOLOGICAL SCIENCES -

Understanding how terrestrial biotic communities respond to environmental changes has
always received strong focus from both within and outside the scientific community
(Parmesan, 2006). In this respect, all sorts of biological responses to climate change have been
increasingly studied since the early XXth century (Grinnell, 1917). Among these responses,
range shifts (i.e., the change in species distributions) have received a particular attention. This
issue has become central to many fields of ecology, either for paleoecology (Davis & Shaw,
2001; Davis et al., 2005) and biogeography (Parmesan et al., 2005)
- THE OLD STORY REVISITED: MODERN GLOBAL CLIMATE CHANGE & BIODIVERSITY -

Beyond the long-lasting challenge of understanding species responses to climate change, recent
and human-induced global climate change (Karl & Trenberth, 2003) has set a new agenda for
ecologists and policy makers. The first Conference to highlight the potential consequences of
the green house effects for Biological Diversity was held in 1988 (WWF, 1988). In his report,
Peters says: “many ecological systems will be dramatically changed by warming. Among the
projections are large shifts in the ranges of species […], causing ecological communities to
break up and reassort” (Peters & Lovejoy, 1994). Twenty years later, significant ecological
and evolutionary consequences on biodiversity have been documented on every biomes and
oceans in almost all major taxonomic groups (Walther et al., 2002; Parmesan & Yohe, 2003;
Parmesan, 2006), investigated through different approaches including the study of changes in
distributions (Hickling et al., 2006), abundances(Biro et al., 2007), phenologies (Sherry et al.,
2007), and conducted at individual, population or community level (Menéndez et al., 2006;
Devictor et al., 2008; Lindström et al., 2012). Climate change is now considered as a major
driving force of species declines and extinctions (Thomas et al., 2004; Sekercioglu et al.,
2008). These studies have concluded not only that almost all ecological systems were deeply
affected by climate change in the present, but also that it will heavily drive the future of
biodiversity (Sala, 2000). However, although the impact of climate change on biological
diversity is now well described, it still remains poorly understood. In particular, the uncertainty
associated with the projections (Heikkinen et al., 2006; Pearson et al., 2006; Buisson et al.,
2010) and the effects of several ecological or evolutionary processes are till obscures
(Lavergne et al., 2010). We hereafter document three alternative trends in the scientific
literature tackling the problem of biodiversity response to climate change. We highlight the
strengths and limitations of data-driven and biological-process approaches, and try to assess
how their confluence is a new challenge for biogeography (Figure 3 & 4.). We principally
focus on what was done on birds, as this group was a leading taxonomic model in several
aspects of theses researches.

SPECIES DISTRIBUTION MODELS AND BIRDS RESPONSES TO CLIMATE CHANGE:
RISE, PINNACLE AND THE EMERGENCE OF SCIENTIFIC OBSTACLES
- RISE -

Species Distribution Models (SDMs) are empirical models relating field observations to
environmental predictor variables, based on statistically derived response surfaces (see Figure
3.)(Guisan & Thuiller, 2005). Pioneering simulations of species distribution were led by Ferrier
(1984), and followed by two books (Verner et al., 1986; Margules & Austin, 1990) which
broadly contributed to promote this new approach. As a result, the number of related
publications dramatically increased since the early 1990’s (Scott et al., 2002). With the general
awareness of the effects of global change on biodiversity, SDMs have become an increasingly
prominent tool in conservation biology, with various issues in ecology, biogeography and
evolution (Guisan & Thuiller, 2005).
Such models were early used to investigate the responses of birds to climate change through
species distribution range shifts. One of the first evidence was provided by C. Thomas &
Lennon (1999) who conducted a large scale study with breeding birds in Great Britain.
Subsequent studies generally based on national breeding bird surveys provided further proofs
of lateral distribution range displacement. This studies revealed nearly identical pattern of
northward ranges shifts in Central Europe (Lemoine et al., 2007), France (Devictor et al.,
2008), Finland (Brommer, 2004) and United States (Hitch & Leberg, 2007). Other works
focused on non-breeding birds usually described a more complex picture of the underlying
causes of range shifts. For instance, La Sorte & Thompson (2007) found that changes in winter
ranges of migratory birds in North America were affected by both climate change and regional
anthropogenic activities.
As elevational gradients represent an additional shift opportunity available for birds, SDMs
were also used to inquire altitudinal range move. The meta-analysis performed by Parmesan &
Yohe (2003) on data spanning 99 species of birds, alpine herbs and butterflies showed that the
mean range limits of species have moved on average 6.1 m per decade upward. However,
estimates of vertical range shifts due to recent climate change are particularly scarce for
holarctics birds (Parmesan, 2006). Some studies led in the French (Archaux 2004), Italian
(Popy et al. 2010) and Swiss (Maggini et al., 2011) Alps reveal absence or very weak
evidences of vertical range shifts, generally smaller than expected from the regional increase in
temperature.
Changes in distribution are often asymmetrical with a fast moving front of species colonizing
faster in lower elevations or latitudes. The result is a (presumably) transient and uneven
modification of communities composition in space (Walther et al., 2002). Indeed, local
increase in species richness presumably induced by climate change was highlighted among
breeding (La Sorte, 2006) and winterers (La Sorte et al., 2009) birds in North America and

Europe (Davey et al., 2012). In this process, generalist species more able to cope with
heterogeneous habitats seem favored compared to specialists, leading to the homogenization of
bird communities (Warren et al., 2001), as reported in Great Britain (Davey et al., 2012) and
France (Julliard et al., 2003).
- PINNACLE -

Beyond the description of past or current consequences of climate change on biodiversity
derived from large-scale SDMs and similar analysis, the development of finer scale scenarios
have allowed this approach to become a tool to forecast the future of Biodiversity (Guisan &
Thuiller, 2005).
The developments of projections was highly motivated by the call of policy-makers to
anticipate the fate of biodiversity and its consequences in a changing world (Wallington et al.,
2005). Moreover, this tool was an unexpected opportunity for ecologists to disentangle
mechanisms involved in natural systems responses to broad-scale environmental change, and
improve our understanding of their functioning (Dormann, 2007). Thus, SDM’s studies turned
to extrapolations of the likely impacts of global change on species distribution (Peterson &
Ortega-Huerta, 2002; Bakkenes et al., 2002; Midgley et al., 2003) and community assemblages
(Leathwick et al., 1996; Guisan et al., 1998) on numerous taxa throughout the world, with
worrying predictions when applied to the global scale (Thomas et al., 2004). The publicity
triggered by this last publication (Thomas et al., 2004) revealed the enormous public interest in
projections of species extinctions due to global climate and land-use change (Dormann, 2007).
A first baseline assessment of potential effects of climate (and land-use) changes on avian
distributions was performed by Jetz et al. (2007). This study evaluates the exposure of 8,750
land bird species over the world to projected land-cover changes. Other works based on
correlative projections of potential shifts for breeding ranges include birds in Europe (Huntley
et al., 2006, 2008), Northern-boreal Europe (Virkkala et al., 2008), North (and south) America
(Lawler et al., 2009) or specific group of birds (migrants, Barbet-Massin et al., 2009) and
individual species (Sylvia, Doswald et al., 2009).
- THE EMERGENCE OF SCIENTIFIC OBSTACLES -

Species distribution models that incorporate future climate predictions become de facto a
popular way to address the potentials impacts of global warming. Becoming a prominent
fixture in the scientific, policy and public literature, the validity of this approach was soon
questioned (Thuiller et al., 2004). Using the same climate and species data than other studies,
Beale et al. (2008) showed that most climate models were no better than chance associations.
In this line, an uprising of publications revealed the limitations of correlative approaches to
adequately model the distribution of a species (e.g Pearson & Dawson, 2003; Araújo et al.,
2005; Austin, 2007; Williams & Jackson, 2007; Buisson et al., 2010).

These critical studies concluded that most of apparently successful correlative models estimate
the climatic structure of a species’ realized niche ignoring fundamental processes. Indeed,
much of the remaining niche space, including biotic interactions, evolutionary change and
dispersal ability remains unconsidered by SDMs or, in other words, ignore the implications of
fundamental niche (Pearson & Dawson, 2003; Soberón & Nakamura, 2009). Yet, these aspects
are crucial : in some case biotic interactions may even overwhelm the direct impact of climate
(Suttle et al., 2007). Because correlative species distribution models do not account for these
processes, they are likely to produce biased niche estimates and inaccurate forecasts of future
range dynamics (Schurr et al., 2012, but see Tingley et al., 2009). Further, additional limiting
factors might come into play when applying correlative models, including barriers to dispersal
and species’ different dispersal and migratory abilities (Guisan et al., 2006). This approach is
also impaired by methodological biases such as the dependence of model outcomes on the
method used (Araújo et al., 2005; Pearson et al., 2006; Buisson et al., 2010), on the sampling
effort and grain size (Guisan et al., 2006) or on the choice of prediction hypothesis
(McPherson & Jetz, 2007). Finally, most ecological models are at least partially parameterized
from modern observations and so may fail to accurately predict ecological responses to novel
climates (Williams & Jackson, 2007), particularly if climatic associations formed in the future
have no current analogs. It is now acknowledged that these approaches are unlikely to
overcome all the difficulties associated with the comprehension of birds’ responses to current
and future climate change.

STUDY OF SPECIES TRAITS UNVEILS BIOLOGICAL PROCESSES UNDERLYING
IMPACTS OF CLIMATE CHANGE
A different way to decipher the responses of birds to climate change has focused more
explicitly on the ecological processes at stake (see Figure 3.). The way climate change exert a
pressure on species-specific traits, and how species can adjust their traits (either by
demographic, behavioral or adaptative processes) have necessitated the study of long-term
modifications of the environment and corresponding changes on individual’s fitness,
population demography or community composition. Among the major processes investigated,
changes in the phenology, migration and physiology have been particularly scrutinized.
- PHENOLOGY, MIGRATION, PHYSIOLOGY -

Alongside the progress in modeling bird’s species distribution with correlative approaches, a
growing body of evidence have shown that climate change affects the phenology of a wide
array of organisms (Parmesan & Yohe, 2003) such as mammals (Loe et al., 2005), amphibians
(Forchhammer et al., 1998) and plants (Post et al., 2001). Regarding birds, mitigation of the

Figure 1. Summary table of changes in laying date of 68 birds species from Dunn & Winkler (2010)

timing of breeding season has been one of the most studied biological processes involved in
responses to climate warming (Stenseth & Mysterud, 2002). In their book untitled “Effects of
climate change on birds”, Dunn & Winkler (2010) provide a broad compilation of evidences
from 68 holartics bird species coming from 37 long-term studies published during the last
decade. That show a significant advance in laying date of 59% of species (for more details, see
Figure 1).Closely linked to phenotypic traits, avian migration has also received broad attention,
and a wide body of literature reported migratory changes within the context of climate change.
Major reviews browsing this topic were provided by Fiedler (2003), Cotton (2003) and more
recently by Lehikoinen & Sparks, (2010). They report effects of climate change on departure
and arrival date ( Saino et al., 2009; for a review, see Gordo, 2007), migration distance
(Doswald et al., 2009) and direction (Spear & Ainley, 1999).
Biological processes such as breeding and migration are shaped by physiological-scale
mechanisms. Thus, the application of Physiological Ecology techniques (i.e. the exploration of
the exchange of heat, mass, and momentum between organisms and their environment) to the
study of biodiversity responses to climate change has provided an innovative perspective to
this issue (Helmuth et al., 2005).This approach has been widely used on inter-tidal ecosystems
(Helmuth & Mieszkowska, 2006), in the context of coral bleaching (Hoegh-Guldberg, 1999)
and on terrestrial ectotherms (Deutsch & Tewksbury, 2008). In respect of birds, physiological
studies have investigated links between climate change and metabolic constraints (e.g.
energetic demand and temperature regulation) in the context of migration (Klaassen, 1996;
Monahan & Hijmans, 2008) and breeding (Stevenson & Bryant, 2000). They also allowed
early explanations of observed coincidence between temperature and species range border
(Hayworth & Weathers, 1984; Root, 1988) or communities abundance (Meehan et al., 2004).
- MISTIMING & EVOLUTION -

Despite these apparent ability of birds to track change in seasonality, the response of some
species may differ from the response of organisms at lower levels of the food chain, leading to
a mismatch between the timing of reproduction and the main food supply (Visser et al., 2004) .
This so-called “mistiming” can have a clear effect on species population dynamics and
ecosystem functioning (Stenseth et al., 2002). Therefore, the populations that are most
mistimed are expected to decline most in number, as showed by Both et al. (2006) on the
migratory pied flycatcher (Ficedula hypoleuca).In attempt to clarify the occurrence of these
mismatches, Visser et al., (2011) performed an overview of papers reporting long-term
studies on bird and food phenology, mismatches associated and resulting fitness effects. Most
of these publications deal with insectivorous forest passerines, such as Great Tit (Parus major)
(Visser et al., 1998; Charmantier et al., 2008; Bauer et al., 2010; Matthysen et al., 2011) Blue
Tit (Parus caeruleus) (Matthysen et al., 2011), Pied Flycatcher (Ficedula hypoleuca) (Both &

Figure 2. Summary table of mistiming reported from the review of Visser et al. (2011)

Visser, 2001; Sanz et al., 2003), Collared Flycatcher (Ficedula albicollis) (Bauer et al., 2010),
and others on different species like Sparrowhawks (genus Accipiter) (Nielsen & Møller,
2006), Golden plover (Pluvialis apricaria) (Pearce-Higgins et al., 2005), cuckoos (family
Cuculidae) (Saino et al., 2009) and thick-billed Murres (Uria lomvia) (Gaston et al., 2009).
Results showed broad variation in shifts in phenology of birds with the shift of their prey (for
more details, see Figure 2). While some populations are able to shift their phenology as fast as
their prey, others lag behind and are progressively affected by a phenological mismatch
(Stenseth & Mysterud, 2002).
Although all of these environmental adaptative (or maladaptative) responses to climate change
are clearly visible in many biological processes, the distinction between genetic (evolutionary)
and phenotypic (nongenetic, plastic) signature remains unclear (Bradshaw et al., 2006).
Evidences of genetic microevolutionary responses are essential to address it, but they are very
rare in literature. However, species-focused studies demonstrated genetic shifts in red squirrel
(Tamiascurus hudsonicus) (Réale et al., 2003), birds (Berthold et al., 1992; Bearhop et al.,
2005; Nussey et al., 2005) and fruit flies (drosophila) (Rodríguez-Trelles & Rodríguez, 1998;
Levitan & Etges, 2005; Umina et al., 2005). They provide some of the strongest evidence for
microevolution in response to climate changes, but stay scarce.

THE DEVELOPMENT OF HYBRID APPROACHES: INTEGRATING SPECIES
CHARACTERISTICS TO NICHE MODELS
- INCREASING THE ECOLOGICAL REALISM OF SDMS -

A variety of approaches have been developed within the correlative modeling framework to
address some of the SDM’s shortcomings previously discussed (see Figure 3 & 4). They are
based on the integration of biotic interactions (Araújo & Luoto, 2007), dispersal limitations
(Allouche et al., 2008), community dynamics (Baselga & Araújo, 2009), population dynamics
(Keith et al., 2008), physiology-dependent events (Morin et al., 2007) and ecophysiological
population dynamics (Crozier & Dwyer, 2006) into correlative models. The addition of
ecological processes to existing models allows more biological depth and predictive strength,
but such integrations are data-intensive and limit the geographic and taxonomic breadth of
inferences (La Sorte & Jetz, 2010). Moreover, they only partially address other problems
associated to methodological biases. The inherent limitations of correlative models and their
static representation of the realized niche might therefore only be addressed by a totally
process-based approach.

Figure 3. Explanatory diagram of the design principle of 3 different trends in investigating ecological responses to climate change

Figure 4. Explanatory diagram of the strengths and limitations of 3 different trends in investigating ecological responses to climate change

- TOWARDS MECHANISTIC MODELS -

Developing mechanistic models start from adopting a more relevant definition of a species’
niche, bridging the gap from the realized towards the fundamental niche. At the cross-road
between data-driven correlative approach and the biological-process based one, mechanistic
modeling have been proposed as a promising alternative in attempt to understand the responses
of species to climate change (La Sorte & Jetz, 2010). This innovative approach relies on
linking large-scale environmental patterns (e.g. climate) to a species’ physical response at the
scale of the organism (Helmuth, 2009) and is highly flexible depending on the taxa studied and
the aim of the study (Kearney & Porter, 2009) (see figure 3). It traces its origins in works on
ectotherms (Tracy, 1976), but has since been applied to a variety of different organisms and
environmental contexts to make inference on species distributions (Porter & Budaraju, 2000;
Kearney & Porter, 2004; Buckley, 2008; Fort et al., 2009). Physiological and behavioral data
are currently available for birds or mammals, allowing numerous ways of exploration for these
species (La Sorte & Jetz, 2010). For example, the mechanism of flight in birds could
potentially be incorporated into a mechanistic model : various characteristics such as energy
expenditure (Masman & Klaassen, 1987), high-altitude flight performance (Altshuler &
Dudley, 2006), variation in physiology and flight behavior (Schmidt-Wellenburg et al., 2007)
are well documented. All of these factors could come into play in defining avian species
abilities during range shifts and the response of migration strategies (if any) to climate change.
Dillon et al. (2010) showed that impacts of climate change on animals metabolic rates is not
anecdotic but may change our perception of biodiversity response at global scale. In this
context, another promising research route would lie in modeling metabolic-related processes.
Although, species thermoregulatory costs have been used to model spatial patterns of avian
abundance (Meehan et al., 2004) or energetic bottlenecks (Fort et al., 2009) for winter
populations : mechanistic models could easily be extended to consider winter distributional
limits and how these boundaries might respond to climate change.
These tools and theories thus set the stage for explorations of “macrophysiology” (Chown et
al., 2004) and play a significant role in preparing for ongoing and future ecological responses
to climate change (Helmuth, 2009; Kearney & Porter, 2009). This idea is the core of the
Schurr’s demographic research agenda for Biogeography (Schurr et al., 2012) which first
entails “advances in incorporating process-based models of demographic responses and range
dynamics into a statistical framework”. More generally, understanding how niches and ranges
are shaped by biological interactions, eco-physiological traits and demographic characteristics
may be (1) the best way to improve the quantification and definition of niches and the
forecasting of range dynamics, (2) an essential step towards a better understanding of the
responses of biodiversity to modern climate change and (3) a breakthrough in the
understanding of the mechanisms governing the evolution and composition of ecosystems.
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