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Abstract: Anticipating the effects of climate change on biodiversity is now critical for 

managing wild species and ecosystems. Climate change is a global driver and thus affects 

biodiversity globally. However, land-use planners and natural resource managers need 

regional or even local predictions. This provides scientists with formidable challenges 

given the poor documentation of biodiversity and its complex relationships with climate. 

We are approaching this problem in Quebec, Canada, through the CC-Bio Project 

(http://cc-bio.uqar.ca/), using a boundary organization as a catalyst for team work 

involving climate modelers, biologists, naturalists, and biodiversity managers. In this paper 

we present the CC-Bio Project and its general approach, some preliminary results, the 

emerging hypothesis of the northern biodiversity paradox (a potential increase of 

biodiversity in northern ecosystems due to climate change), and an early assessment of the 

conservation implications generated by our team work.  

Keywords: biodiversity; boundary organization; Canada; climate change; ecological niche 

models; isotherms; phenology; Quebec; species abundance; species distribution 

 

1. Introduction 

Species can respond to climate change in several ways. They can move to track climatic conditions 

or stay in place and evolve to the new climate. If they do not move or evolve, they must face the 

consequences of a mismatch between the climate conditions under which they have evolved and the 

climate conditions they currently experience, which may involve reduced fitness, and abundance or 

extinction. Although rapid evolution is possible [1,2], movement that tracks climate is by far the most 

common response [3-5]. Several syntheses have shown that shifts in phenology and distribution of 

plants and animals have occurred in the last 30–40 years in the direction predicted from global 

warming [6-12]. Meta-analyses show mean advancement of spring events by 2.3 days/decade, and 
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mean range shifts of 6.1 km/decade towards the poles, or 6 m/decade upward in elevation (a “globally 

coherent fingerprint”; [7]). Climate will likely continue to warm [13]. A strong reorganization of 

abundance patterns and ranges of species is thus expected from historical reconstructions [14], current 

observations (see above), and knowledge of biological processes at work [15]. Given the current rate 

of habitat loss and fragmentation and the limited dispersal potential of some species [16], there is 

serious concern about our ability to manage biodiversity in the context of climate change. 

All over the world, biodiversity conservation largely rests on two complementary approaches that 

involve (1) identifying species at risk and taking actions to decrease extinction risks, and (2) protecting 

and restoring areas which represent the diversity of ecosystems. Implementing both approaches 

depends on knowing the distribution and abundance of species, and on estimating how these will 

change over time. Projecting shifts in the range and abundance of species under future climate 

scenarios is thus critical to explore the possible effects of climate change on biodiversity [17-19]. 

Although biodiversity conservation is guided by general principles, it is constrained and shaped by 

regional and local realities [20]. Research must therefore address the regional or even local effects of 

climate change on biodiversity. This is challenging given the poor documentation of biodiversity and 

its complex relationships with climate. In addition, the institutional or intellectual barriers between 

academics who develop the science, naturalists who gather important information about biodiversity, 

decision makers who influence policy, and practitioners who manage biodiversity, add to the 

difficulties of conserving biodiversity in a changing climate. 

In this paper we describe the organization, the scientific approach, some preliminary or expected 

results, an emerging hypothesis, and the expected conservation impacts of an ongoing project started in 

2007 and called CC-Bio (an acronym for “Effects of Climate Change on Quebec Biodiversity”). The 

general objective of CC-Bio is to project potential effects of climate change on the distribution and 

abundance of a large range of Quebec’s plant and animal species, in order to develop knowledge and 

tools needed to implement regional strategies of adaptation to climate change in the field of 

biodiversity conservation. Through this paper, we wish to inform natural scientists and biodiversity 

managers about identified research gaps, how progress is thought to be achieved, and what scientific 

and social impacts can be expected. Since many scientific communities throughout the world need to 

address the regional effects of climate change on biodiversity, we hope that our sharing of information 

will facilitate and speed the efforts of other research groups with similar objectives. 

In Canada, biodiversity is structured by strong climatic gradients [21] and the distribution of species 

has shifted dramatically in latitude during the Holocene in step with climatic changes [22-24]. The rate 

of climate warming during the 21st century is expected to exceed Holocene changes. Lemieux and 

Scott [25] estimated that 37–48% of Canada’s protected areas could experience a change in terrestrial 

biome type under a scenario of doubled atmospheric CO2. In south-western Quebec, where CC-Bio 

takes place, average surface temperatures have increased by 1.25 ºC in the last 4 decades [26,27], and 

climatic models project a further 3–5 ºC increase during the present century [28].  
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2. Methods 

2.1. Research Structure 

One of the most original aspects of the CC-Bio research structure is that the project was initiated by 

a boundary organization [29], Ouranos (http://www.ouranos.ca/), which mediates the relationship 

between science and policy. Ouranos is a private non-profit organization that was created in 2001 as a 

joint initiative by the Quebec government, Hydro-Québec and Environment Canada. The objective of 

Ouranos is to help Quebec society adapt to climate change by developing regional climate change 

models and climate change adaptation strategies in sectors such as human health, energy, forestry and 

water resources, transportation, agriculture, and natural ecosystems and biodiversity. 

CC-Bio was thus developed as a highly collaborative project involving academic institutions 

providing expertise on the science of biodiversity, governmental and non-governmental organizations 

in charge of biodiversity conservation or natural resource management in Quebec, and associations of 

naturalists offering both data and expert knowledge on Quebec biodiversity (Figure 1). For instance, 

university researchers co-supervise students with scientists at the Quebec Ministry of Natural 

Resources (MRNF) to model trees, with scientists at Ducks Unlimited Canada to model wetland 

species, and with scientists at Parks Canada to investigate species at risk. In addition to facilitating 

exchanges across boundaries (biology and climatology; science and management; professional 

scientists and amateur naturalists), Ouranos also provides CC-Bio with expertise on regional climate 

models and spatial analysis. 

2.2. Scientific Approach 

We use a three-pronged approach with the following specific objectives: (1) to describe the 

relationships between recent (30–40 years) changes in climate, and changes in the phenology and 

distribution of target animal and plant species from Quebec; (2) to forecast, using ecological niche 

models, potential future changes in distribution and abundance of a large range of species  

under plausible climate change scenarios; and (3) to develop regional adaptation strategies for 

biodiversity conservation.  

Reporting on the current effects of climate change on local biodiversity (Objective 1) makes climate 

change more tangible and tractable and is critical to convince managers, policy makers, and the public 

that future changes to biodiversity patterns are to be expected from climate change. In addition, the 

credibility of projections generated by complex models (Objective 2) is strongly enhanced when 

projections are consistent with trends already observed locally (e.g., northward displacement of species 

ranges). Development of regional adaptation strategies (Objective 3) is more likely to be successful 

when partners collectively create the scientific knowledge (Objectives 1 and 2) from which these 

strategies are derived. The following summarizes the methods used to progress each objective. 
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Figure 1. Research structure of the CC-Bio Project highlighting the catalyst role of a 

boundary organization (center), the diversity of involved partners (circles), and the 

expertise contributed (italics). Colors of outer circles indicate the type of institution 

(yellow: universities; green: non-governmental organizations; blue: Quebec provincial 

government; red: Canadian federal government). 

 

Objective 1—We quantify contemporary trends in species phenology and distribution, two variables 

which were selected as indicators of changes to regional biodiversity because of data availability and 

ease of comparison with global trends [7]. We test three broad hypotheses: (1) timing of spring events 

such as migration or reproduction has been advanced in reptiles, amphibians, and birds; (2) timing of 

autumn events such as bird migration has been delayed, and (3) distribution of species such as trees 

and birds has started to shift poleward. Selection of studied taxa is described in section 2.3. 

Objective 2—The strong association between climate or other environmental variables and species 

distributions has led to the development of ecological niche models [30-33]. These models develop 

correlative descriptions of the current environment and species distribution and then, given predicted 

future environmental conditions, project future species’ potential ranges. Ecological niche models are a 

central tool for scientists exploring the effects of climate change on living organisms [34-37]. They 

have been criticized because they assume species distributions are at quasi-equilibrium with current 

climate, they sometimes interpret species-climate correlations as causal, and they ignore parameters 

such as dispersal and biotic interactions [38,39] (but see [40-42]). Ecological niche models should thus 

be seen as powerful initial tools providing a first estimate as to the dramatic impact of climate change 
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on biodiversity [32,43]. They must be used as such rather than as providers of definitive predictions. 

Imperfect predictions are exceedingly valuable when compared to no projection [44]. 

Many statistical models (e.g., Generalized Linear and Generalized Additive Models, Classification 

and Regression Trees, Boosted Regression Trees, Multiple Adaptive Regression Splines, Maximum 

Entropy) exist to relate environmental variables to species distribution. Model selection is important 

because it can affect output of analyses. We therefore use multiple models within an ensemble 

forecasting framework [45,46], and synthesize results using model averaging [47,48]. We use the 

BIOMOD package [49] implemented in R, a free software environment for statistical computing and 

graphics [50]. We also developed an R platform which allows us to model species abundance under an 

ensemble forecasting approach. Bayesian inference is an increasingly important statistical tool in 

ecology [51,52] and conservation biology [53]. A section of our project aims at developing Bayesian 

approaches to take into account species interactions when modeling species distributions. 

We apply ecological niche models to forecast future potential distributions of a large range of plant 

(tree and herbaceous species) and animal (amphibians, reptiles, birds, and beaver) species at a common 

continental scale (grain size of 20 km × 20 km). Independent environmental variables include 

primarily climate but also some non climatic variables such as altitude, soil characteristics, and land 

cover (see section 2.3) for a better assessment of species-environment relationships, which improves 

model quality [38]. The steps leading from initial datasets to projections are summarized in Figure 2 

and detailed in Guisan and Zimmermann [31] and Araújo et al. [54]. We use the 2041–2070 and  

2071–2100 time periods for our projections because these time scales are ecologically relevant and 

correspond to available climate projections. 

Nearly all existing ecological niche models are based on species distributions that assume a region 

of continuous presence bordered by an abrupt transition to species absence. These presence/absence 

range maps exclude information about variations in abundance. If species show a long tail of low 

abundance as their range limit is approached, delimitation of range limits may be arbitrary and, 

counter-intuitively, changes in abundance resulting from climate change are likely to be greater near 

the core of the species’ range than at the periphery [55]. The major barrier to improving models with 

information about variation in abundance is lack of empirical data. We address this important 

limitation by analyzing three data sets involving measures of the relative abundance of trees, beaver, 

and birds across large portions of Quebec. 

Objective 3—Adaptation strategies to conserve biodiversity in the face of climate change refer to 

human activities intended to minimize the anticipated effects of anthropogenic climate change on 

species that will be adversely affected [56]. Climate envelope models are a first logical step to 

anticipate the direction and magnitude of future changes to regional biodiversity. However, climate 

envelope models say nothing about the capacity of species to adapt to climate change. For example, a 

generalist bird species may be able to quickly shift its distribution with shifting isotherms, whereas a 

tree species with low dispersal capacity may be unable to do so. For this reason, we complement the 

top-down approach (i.e., from regional climate change scenarios to potential changes in species 

ranges) outlined in Figure 2 with a vulnerability assessment of biodiversity components (bottom-up 

approach), where vulnerability is the product of exposure and sensitivity to climate change. We do so 

using the Climate Change Vulnerability Index [57] developed by NatureServe 
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(http://www.natureserve.org/ 

climatechange). 

Figure 2. Simplified representation of the modeling approach used in CC-Bio. Only the 

modeling of species presence-absence is shown here. First, data on explanatory variables 

and species distribution are gathered in the same matrix (1) (for most species, only climatic 

variables are used as explanatory variables, but for some, such as trees or beaver, edaphic 

or other physical variables are also used). In order to evaluate models on a  

pseudo-independent dataset, this matrix is randomly split into two sub-datasets (2): a 

calibration set (70% of the original matrix) and an evaluation set (the remaining data). This 

process is repeated several times (represented on the figure by juxtaposed tables) to reduce 

sampling biases generated during the random selection. Models are built in step (3). Many 

statistical algorithms are used (e.g., GLM, GAM, CTA, neural networks, random forest) 

for each calibration dataset in order to consider uncertainty due to differences in modeling 

procedures (this is the primary main source of uncertainty in the modeling procedure). The 

predictive performance of all models is then tested (model evaluation) on the evaluation 

datasets with discrimination metrics (4). Once the predictive performance of models is 

acceptable, they are used to calculate a probability of occurrence and project the current 

distribution of species (5). In parallel, many climatic scenarios are generated by 

climatologists (6). A range of scenarios is used to take into account the second main source 

of uncertainty into the modeling procedure. Step (7) consists of projecting ecological 

niches into the future. Multiple projections are then aggregated (steps (8) and (8’)) by a 

consensus method (ensemble forecasting) that averages all the predictions and summarizes 

information while considering uncertainty. Step (9) is the final mapping of consensual 

species current and future ecological niches, considered as potential species distributions.  
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The comparison of species vulnerability to climate change across taxa, life history characteristics, 

protection level, or geographical areas will form the basis for the development of adaptation strategies 

tailored to Quebec’s environmental and climatic contexts. The development of adaptation strategies to 

conserve biodiversity in the face of climate change has been a very intense source of research, debate 

and controversies in the last decade [58,59]. Surprisingly, most of the tools needed to implement these 

strategies (e.g., protecting dispersal corridors, assisting migration, increasing the size of protected 

areas) are already known to conservationists [60]. Objective 3 of CC-Bio therefore primarily involves 

developing the knowledge needed to design new conservation strategies adapted to the specific context 

of Quebec which is, as shown below, largely defined by its northern biogeography. 

2.3. Sources of Data Used in the Project 

The type of analyses used in this project requires high-quality data on species distribution. 

Unfortunately, these data are scarce and taxonomically biased. We thus focused our efforts on the five 

groups (trees, other vascular plants, amphibians, reptiles, birds) for which good quality data were 

accessible to us. We also added beaver because we had access to a dataset of exceptional quality. Other 

sources of information on Quebec biodiversity do exist but either require too much preliminary work 

to be used in the short-term (e.g., mammals except beaver), are not covered by the taxonomic expertise 

of the team (e.g., freshwater fish and marine species), or were unknown to us when planning the 

project (e.g., dragonflies). Although we work with only a fraction of regional biodiversity, the spatial 

distribution of chosen species is representative of that from other groups, they have a diversified 

natural history, they strongly structure ecosystems (e.g., trees), and they are the focus of many 

conservation or management efforts. The magnitude of potential range shifts expected for the chosen 
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species should be highly informative with regard to the expected spatial reorganization of 

regional biodiversity. 

Table 1 gives a referenced summary of the data sources used in CC-Bio, whereas a detailed 

description of databases is available as Supplementary Material Deposit. 

3. Outlook of Expected Results 

Because CC-Bio is ongoing, results from Objective 1 are not yet available, whereas results from 

objectives 2 and 3 are only partial. Yet the analysis of the spatial link between Quebec biodiversity and 

climate, and the modeling of the climate envelope of one taxon (trees), does demonstrate why Quebec 

biodiversity should strongly respond to climate change and how it might do so. 
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Table 1. Referenced list of databases on biodiversity, climate, and soil used by CC-Bio to 

study the effects of climate change on Quebec biodiversity. 

Type of data Name of database Reference 

Biodiversity   
Birds Étude des Populations 

d’Oiseaux du Québec (ÉPOQ) 
http://www.quebecoiseaux.org/index.php?option=com
_content&view=article&id=196&Itemid=103 

Birds Breeding Bird Survey (BBS) http://www.pwrc.usgs.gov/BBS/index.html 
Amphibians,  
Reptiles 

Atlas des Amphibiens et 
Reptiles du Québec (AARQ) 

http://www.atlasamphibiensreptiles.qc.ca/ 
 

Amphibians National Amphibian Atlas http://www.pwrc.usgs.gov/naa 
Amphibians Atlantic Canada Conservation 

Data Center 
http://www.accdc.com/Products/Publicdata.html 

Beaver - Jarema et al. [55] 
Trees  Placettes-échantillons 

temporaires (PET 3rd 
program; 120,000 plots) 

 Placettes-échantillons 
permanentes (PEP; 12,000 
permanent plots) 

 USDA Forest Service Tree 
Atlas 

 http://www.mrnf.gouv.qc.ca/forets/connaissances/c
onnaissances-inventaire-cartes-sief-temporaires.jsp 

 http://www.mrnf.gouv.qc.ca/forets/connaissances/c
onnaissances-inventaire-cartes-sief-
permanentes.jsp 

 http://www.fs.fed.us/ne/delaware/4153/global/little
fia/index.html 

Vascular plants Actaea database http://cc-bio.uqar.ca/publications/ActaeaReport.pdf 
Wetlands - Ménard et al. [61] 
Threatened and 
vulnerable 
species 

Centre de données sur le 
patrimoine naturel du Québec 
(CDPNQ) 

http://www.cdpnq.gouv.qc.ca/index-en.htm 
 

Climate   
Current climate Anusplin USDA Forest Service 

data 
http://forest.moscowfsl.wsu.edu/climate/ 

Historical climate Adjusted Historical Canadian 
Climate Data (AHCCD) 

http://www.cccma.bc.ec.gc.ca/hccd/data/temperature/te
mpdata_e.shtml 

Future climate Canadian Regional Climate 
Model (CRCM4) 

http://www.ouranos.ca/ 
 

Future climate Global Climate Models http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php 
Soil variables   
Soil (Quebec) SIEF http://www.mrnf.gouv.qc.ca/forets/connaissances/conn

aissances-inventaire-cartes-sief-temporaires.jsp 
Soil (USA) USDA SSURGO http://soils.usda.gov/survey/geography/ssurgo/ 

3.1. The Biological Importance of Climate Change in Quebec 

Quebec is characterized by its northern climate and relatively low biodiversity. The temperate 

broadleaf/mixed forest biome, the boreal forest/taiga biome, and the tundra biome represent 14%, 71%, 

and 15% of the land area (1.7 million km2) of the province, respectively [62]. These biomes are 

distributed along a 2,000 km latitudinal gradient along which annual average temperature ranges from 

5 °C to −8 ºC (Figure 3a). Quebec contains the northern range limit of most of its species, 62% of the 



Diversity 2010, 2                            

 

 

1191

threatened or vulnerable species of the province are northern peripherals [62], and the region is the end 

member of a south-north gradient of decreasing biodiversity that runs through eastern continental 

North America [63]. Accordingly, the spatial distribution of biodiversity in Quebec is strongly 

associated with average annual temperature isotherms, as illustrated in Figures 3b to 3c which present 

data from two vertebrate groups. 

Surface air temperatures have increased in southern Quebec during 1960–2005, with significant 

warming being evident in the western, southern and central parts of the province [26]. These changes 

have resulted in a shorter frost season and longer growing season [26], two variables directly 

influencing the biology of most species.  

These warming trends should continue in the future, with estimated increases in average annual 

temperatures in Quebec of 2–5 °C from present to 2090–2099 [13]. The warming climate will induce a 

quick shift in isotherms globally [64]. We calculated the median future isotherm locations (as the 

median value of 70 climate scenarios for annual average temperature) and found that the northward 

shift of isotherms ranges from 240 km (5 °C isotherm) to 650 km (−5 °C isotherm) from present 

(Figure 3a) to 2071–2100 (Figure 3d). The consequences of such a dramatic shift in isotherms on the 

future structure (Figures 3e, 3f) and function of biodiversity are unknown, but it is clear that regional 

changes in climate represent a considerable driver of changes in biodiversity patterns. 

3.2. Potential Response of Quebec Biodiversity to Climate Change: Towards a Northern  

Biodiversity Paradox 

Preliminary results and published information lead us to hypothesize that anthropogenic climate 

change might increase Quebec biodiversity during this century. This hypothesis (which we refer to as 

the northern biodiversity paradox) is paradoxical given the largely negative effects of climate change 

anticipated for biodiversity on a global scale [13,68]. We present the two main sources of support for 

this hypothesis, as well as three of its important limitations. 

Projections for 126 trees species (Figure 4) and six bird species from five families (Northern 

cardinal, Cardinalis cardinalis; Eastern wood pewee, Contopus virens; Bay-breasted warbler, 

Dendroica castanea; Turkey vulture, Cathartes aura; Alder flycatcher, Empidonax alnorum; Wild 

turkey, Meleagris gallopavo; results not shown) suggest that the ecological niche of species occupying 

the southern part of Quebec (where most of the biodiversity lies) will increase in size due to gains 

made at the northern periphery of their ranges. This expected northward expansion of the ecological 

niche confirms modeling results obtained for 15 North American boreal and temperate trees [69], for 

150 species of birds in the Eastern United States [70], for mammal species in Canada [71], for the little 

brown bat Myotis lucifugus in Canada [15], and for a common Lyme disease vector, the deer tick 

Ixodes scapularis in Quebec [72]. Ecological niche modeling thus strongly supports the northern 

biodiversity paradox. 
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Figure 3. Graphical demonstration of the knowledge needs generated by the relations 

between current climatic gradients, current biodiversity gradients, and expected future 

climatic gradients in Quebec, Canada: (a) Current (1961–1990) distribution of average annual 

temperature isotherms, based on data from the USDA Forest Service (see section 2.3);  

(b) current bird species richness calculated from range maps provided in Ridgey et al. [65] 

and overlaid on a 20 × 20 km grid; and (c) current terrestrial mammal species richness 

calculated from range maps provided in Patterson et al. [66] and overlaid on a 20 × 20 km 

grid. Classification of species richness values was done using the Jenk's algorithm in 

ArcGIS 9.3 [67]. Projected distribution of isotherms for 2071–2100 is shown in (d); colored 

solid lines represent the projected median values of average annual temperatures calculated 

from 70 future climate scenarios (see section 2.3.), whereas colored envelopes around the 

lines represent the 95% confidence intervals calculated from the same 70 scenarios. The 

impacts of anticipated spatial shifts of isotherms on biodiversity patterns are currently 

unknown (e, f), but represent a critical knowledge need for biodiversity managers and thus 

constitute a central research goal for the scientific community. 
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Figure 4. Potential effects of climate change on tree species richness in eastern North 

America. Current species richness of trees (a) was generated using modeling procedures 

explained in Figure 1 (steps 1 to 5) and data on the distribution of 126 species (including 

49 species currently present in Quebec) available in various databases (see section 2.3). 

Model results were overlaid to a 20 × 20 km grid. Potential tree species distribution gains 

from present to 2071–2100 is shown in a–c under 8 climate scenarios representing the full 

variability of the 70 scenarios used in the CC-Bio project (section 2.3). Model results were 

aggregated using a consensus approach (Figure 1, step 8’) and three assumptions of tree 

migration rates were used: (b) species cannot migrate as new suitable niches are created by 

a warmer climate; (c) migration rates cannot exceed 3 km per year, in accordance with 

average migration rates of trees during the Holocene [73,74]; (d) migration rates are not 

constrained. The red line indicates limits of the CC-Bio study area and legends show 

correspondence between colors and current tree species richness (a) and between colors 

and potential gain/loss in tree species richness by 2071–2100 (b-d). 

 

The northern biodiversity paradox gains further support when one considers the important reservoir 

of species inhabiting regions bordering Quebec to the south (Table 2) and potentially available to 

colonize new habitats as climatic constraints are relaxed. For example, the reservoirs of terrestrial 

species from seven taxa of conservation importance represent 24% to 150% (mean: 73%) of the 

current Quebec species richness (Table 2). In short, the northern biodiversity paradox suggests that, in 

northern regions where low temperatures are currently a limiting factor for the establishment of many 

species, climate warming can lead to potential biodiversity increases.  

Although the northern biodiversity paradox hypothesis is supported by modeling results coupled to 

current latitudinal gradients of biodiversity, its predictive power is limited by the assumptions under 

which ecological niche modeling is performed. In particular, the potential limitations to the migration 

of species, the cumulative impacts of climate change and other drivers, and the unknown outcomes of 

new species interactions, generate three important uncertainties regarding the ability of species to 

effectively track their shifting ecological niche. We explain each of these limitations in the specific 

context of Quebec. 
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Table 2. Estimated species richness of several taxonomic groups in Quebec and in the 

jurisdictions bordering Quebec to the south. QC: Quebec, ON: Ontario, NY: New York, 

VT: Vermont, NH: New Hampshire, ME: Maine, NB: New Brunswick, Ref.: references. 

The column “Res.” (Reservoir) gives the number of species (and percentage relative to 

current species richness in Quebec) which are absent from Quebec but present in at least 

one of the other jurisdictions. The last row gives the area (thousands of km2) of 

each jurisdiction. 

Taxa QC NY VT NH ME NB ON Res. (%) Ref. 

Breeding birds 233 230 184 181 197 179 241 57 (24%) a 
Mammals 75 96 55 78 79 74 91 30 (40%) b 
Amphibians 21 32 21 21 17 16 22 14 (67%) c 
Reptiles 1 16 32 19 18 16 7 24 24 (150%) c 
Odonata 2 139 185 135 153 159 129 170 70 (50%) d 
Trees 164 302 184 184 200 123 258 188 (115%) e 
Vascular plants 3 2,855 3,267 2,007 1,965 2,155 1,550 2,412 1,821 (62%) e 
Area 1,542 141 25 24 86 73 1,076  f 
1 excluding marine turtles; 2 dragonflies and damselflies; 3 vascular plants other than trees. 
a North America Breeding Birds Survey (BBS): http://www.pwrc.usgs.gov/BBS/ 
b Smithsonian National Museum of Natural History: http://www.mnh.si.edu/mna/search_latlong.cfm 
c Ontario Herpetofaunal Summary Atlas: http://nhic.mnr.gov.on.ca/MNR/nhic/herps/ohs.html;  

New York State Amphibian and Reptile Atlas Project: http://www.dec.ny.gov/animals/7140.html;  
The Vermont Reptile and Amphibian Atlas: http://community.middlebury.edu/~herpatlas/herp_index.htm; 
New Hampshire Reptile and Amphibian Reporting Program: 
http://www.wildlife.state.nh.us/Wildlife/Nongame/RAARP/NH_herp_list.htm; 
Maine Herpetological Society: http://www.maineherp.org/index.php;  
New Brunswick Natural Resources: http://www1.gnb.ca/0078/WildlifeStatus/results-f.asp;  
Atlas des amphibiens et des reptiles du Québec: http://www.atlasamphibiensreptiles.qc.ca/ 

d http://www.odonatacentral.org/; http://entomofaune.qc.ca/entomofaune/odonates/Liste_especes.html 
e United States Department of Agriculture (Natural Resources Conservation Center): http://plants.usda.gov/adv_search.html 
f Institut de la statistique du Québec: http://www.stat.gouv.qc.ca/jeunesse/territoire/superficie.htm; Wikipedia 

The Free Encyclopedia: http://en.wikipedia.org/wiki/List_of_U.S._states_and_territories_by_area 

The limitations to the immigration of species to Quebec stem from several sources. First, the speed 

at which isotherms are shifting exceeds the speed at which some species can colonize new habitats 

through dispersal of individuals or propagules. For example, the velocity of the 5 °C isotherm is 

projected to be about 2 km per year during this century in Quebec (Figure 3a, d), whereas the speed at 

which earthworms can colonize new habitats through active dispersal is in the order of only a few 

meters per year [75]. Second, some natural (e.g., the Ottawa River between Ontario and Quebec) and 

anthropogenic (e.g., the Montreal urbanized area and the fragmented habitats in southern Quebec) 

landscape features represent important dispersal barriers for some species, such as terrestrial reptiles, 

amphibians, or some plants. Therefore not all species will be able to take advantage, within a few 

decades, of the northward expansion of their climatic niche.  

The potentially positive effects of climate change on species richness do not take into account future 

changes in land use that may arise from potential changes in urbanization, agricultural practices, or 
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forest management. For example, farming practices are quickly changing in the St. Lawrence 

lowlands, with important consequences for local biodiversity [76,77]. There is a possibility that 

cumulative impacts of both climate and land use changes result in a net loss of biodiversity in Quebec, 

even if climate change alone would lead to a net increase in biodiversity.  

The reorganization in the distribution and abundance of species will generate a myriad of new 

species interactions, as well as changes in the intensity of many interactions that already exist. It is 

impossible to predict the outcomes of all these complex interactions [44,78], but it is likely that 

competition with presently-established species will strongly limit colonization by some potential 

newcomers. For example, it is unclear how the mechanisms governing the transition between the 

deciduous and conifer forests (Figure 4) will allow for a fast northward migration of deciduous species 

into the ecozones dominated by conifers. Likewise, Quebec is relatively protected from aggressive 

invasive species because of its climate, but warming trends combined with novel habitats may 

facilitate the spread of exotic invaders that will compete with local biodiversity [79]. In addition to the 

limitations of the northern biodiversity paradox outlined above, one must add the potential 

disappearance of some arctic or alpine species that will not be able to cope with the new climatic 

conditions or will be excluded by more competitive species moving northward or upslope. 

4. Expected Conservation Impacts 

There are several implications of our emerging results for biodiversity conservation in Quebec. 

Mawdsley et al. [60] recently reviewed scientific literature and public policy documents to develop a 

list of climate change adaptation strategies for wildlife management and biodiversity conservation. 

They focused on strategies developed in government agencies and nonprofit organizations in Canada, 

Mexico, South Africa, and the United States. They found that 16 adaptation strategies had been 

proposed, and grouped them into four broad categories: land and water protection and management, 

direct species management, monitoring and planning, and law and policy. They note that strategies are 

“broad and general, such as might be adopted by management agencies at a national or subnational 

level”. We used Mawdsley et al.’s [60] list as starting point to evaluate some of the main merits and 

drawbacks of available adaptation strategies in the Quebec context (Table 3). This evaluation  

stemmed from both the structure of CC-Bio (Figure 1) that promoted exchanges between experts,  

and our preliminary results (Figures 3 and 4) that created a new context for thinking regional 

biodiversity conservation. 
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Table 3. List of climate-change adaptation strategies for biodiversity conservation 

developed by government agencies and nonprofit organizations in Canada, Mexico, South 

Africa, and the United States (left column, modified from Mawdsley et al. [60]) with 

comments on their suitability in the Quebec regional context (right column). 

Adaptation strategy Suitability for Quebec 

Land and water protection and management  
1. Increase extent of protected areas Currently undertaken in northern Quebec where 

protected areas are scarce and human density is low. 
Little room is available in the southern part of Quebec 
(<50º Lat. N) where human density and demand for 
land are high and where biodiversity and presence of 
species at risk reach their peak in the province [62]. 
A target of 12% of protected area has been set for 
2015 in Quebec (the 2009 figure is 8.12%, [80], but 
this may be insufficient to conserve some taxonomic 
groups [81,82]. 

2. Improve representation and replication within 
protected-area networks to conserve multiple 
examples of each ecosystem type 

Same as #1, but more knowledge is needed to predict 
how ecosystem types will be reorganized through time 
as climate changes, and how decisions about 
representation made now will remain valid in 
the future. 

3. Improve management of existing protected areas 
to offset some of the effects of climate change 
(e.g., build dikes to protect some coastal sites from 
sea-level rise) 

This strategy might potentially prove useful but a gap 
analysis is first needed to identify the protected areas 
most vulnerable to climate change, and to determine 
the management tools that could offset the effects of 
climate change. 

4. Design new natural areas and restoration sites 
to maximize resilience of natural systems to 
climate-change effects (e.g., establish protected area 
networks along elevational gradients to allow species 
to shift distributions along these gradients) 

The strong latitudinal gradient in temperatures found 
in Quebec suggests that species migrations will occur 
mostly along a south-north or southwest-northeast 
axis. Therefore, spatial configuration of protected 
areas and corridors should favor connectivity along 
these axes. This raises important challenges for 
conservation in the agricultural parts of Quebec [80]. 
Also, although altitudinal gradients are less important 
in Quebec than in other Canadian provinces (like 
British Columbia), some regions with strong 
altitudinal gradients and high biodiversity value have 
already been identified (e.g., Chic-Chocs area) and 
should deserve special attention. 

5. Protect movement corridors, stepping stones, 
and refugia to direct protection efforts toward 
areas deemed essential for climate-induced 
species redistribution 

See # 4. 
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Table 3. Cont. 

Adaptation strategy Suitability for Quebec 

6. Manage and restore ecosystem function rather than 
focusing on specific components (species 
or assemblages) 

Ecosystem-based management approaches are 
progressively implemented in Quebec to manage 
some ecosystem types such as forests and oceans. 
However, the complexity of this approach requires a 
long implementation time, a high level of support and 
information sharing from federal, provincial 
and local decision bodies, and a strong involvement 
of all stakeholders involved in natural 
resource management. 

7. Improve the matrix by increasing landscape 
permeability to species movement 

An important strategy that must be developed in 
southern Quebec, where the landscape is severely 
fragmented by urbanization and agriculture. This 
strategy must be weighed, however, against the costs 
generated by the facilitation of the immigration of 
unwanted species coming from the south. 

Direct Species Management  
8. Focus conservation resources on species that might 
become extinct 

This strategy was implemented in 1989 through the 
Loi sur les espèces menacées ou vulnérables (Quebec) 
and in 2002 through the Species At Risk Act (Canada). 
However, financial resources and political support are 
often lacking for adequate action, and lack of 
coordination between the institutions responsible for 
conservation of resources prevents the strategy from 
being fully efficient. 

9. Translocate species at risk of extinction from sites 
becoming unsuitable due to climate change to sites 
more favorable to their continued existence 

Early debate has emerged in Quebec regarding this 
strategy, with both strong proponents and opponents. 
The acceptability and effectiveness of this strategy is 
likely to be case specific. Decisions will need to rely 
on detailed cost-benefit analyses involving complex 
assessments of potential ecological risks and sufficient 
data about population dynamics. 

10. Establish captive populations of species that 
would otherwise go extinct 

In a context of limited resources, this might be an 
interesting tool in cases of extreme necessity, but must 
not be seen as a viable option in the long-term because 
of prohibitive costs (except perhaps in the case of ex 
situ conservation of plants, if this is considered as part 
of strategy # 10). 

11. Reduce pressures on species from sources other 
than climate change 

This is the main goal of currently-existing 
conservation strategies implemented in Quebec, but 
habitat loss and fragmentation are still the most likely 
causes of extinction or extirpation for some taxa 
(e.g., reptiles, amphibians). Most species at risk are 
located in the south of the province, where land tenure 
is mostly private and protected areas are scarce. 
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Table 3. Cont. 

Adaptation strategy Suitability for Quebec 

Monitoring and Planning  
12. Evaluate and enhance monitoring programs for 
wildlife and ecosystems 

Ways to enhance biodiversity monitoring programs in 
the context of climate change are currently being 
analyzed by the Quebec government, in collaboration 
with academic researchers. However, the costs 
involved in biodiversity monitoring in a large area 
with low population density such as the province of 
Quebec can be prohibitive. Improved support to and 
better coordination of the efforts of naturalists (citizen 
science) must be considered. 

13. Incorporate predicted climate-change impacts into 
species and land-management plans, programs, and 
activities 

The existence of a boundary organization such as 
Ouranos (see text) which is in relation with data users, 
planners, and decision-makers, and the current 
implementation of new research projects through the 
Quebec Plan d’Action sur les Changements 
Climatiques should help to implement this strategy 
in Quebec. 

14. Develop dynamic landscape conservation plans 
that explicitly address the climate adaptation needs of 
wildlife and biodiversity at a landscape scale 

See # 13. However, the perceived poor economic 
benefits of conserving biodiversity represent a strong 
obstacle to fully implementing this strategy. 

15. Ensure wildlife and biodiversity needs are 
considered as part of the broader societal adaptation 
process, which targets mainly human health, 
infrastructure needs, and economically important 
resources  

See # 14. 

Law and Policy  
16. Review and modify existing laws, regulations, and 
policies regarding wildlife and natural resource 
management, which were designed for the 
conservation of “static” biodiversity 

Not to be implemented in the short term, since 
additional knowledge on the effects of climate change 
on biodiversity, as well as massive collaboration 
between stakeholders are first required. 

Outlining detailed strategies for conservation of Quebec biodiversity in a new context of climate 

change requires more knowledge than is currently available, a longer period of time than the duration 

of the CC-Bio Project, and further dialogue between stakeholders than this team of authors could 

afford to organize. Therefore, Table 3 is a preliminary exercise; yet a few salient points emerge. First, 

many tools available to conserve biodiversity in a stable climate remain pertinent in a changing 

climate, and most strategies developed in other countries are useful when transposed to the Quebec 

context. However, the strong spatial reorganization and functional modifications of biodiversity that 

are anticipated from climate change create a number of new challenges regarding biodiversity 

conservation (e.g., Table 3, bullets 4, 5, 7, 9, 13, 14). These are the topics for which new knowledge 

and new forums for discussion must be urgently developed in Quebec. 

Second, although climate change might become in the future the main cause of species 

extinction [83], it must not be forgotten that habitat destruction, pollution, introduction of exotic 
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species, and over-exploitation [84] still remain the main sources of biodiversity loss in Quebec 

and elsewhere. 

Third, Quebec presents some unique characteristics regarding its biogeography and climates, which 

might generate some unique challenges regarding biodiversity conservation. These are not well 

reflected in Table 3. For example, the fact that most species reach their northern range limit in Quebec, 

that models predict an increase in the size of the ecological niche of many species, and that many 

species currently living south of Quebec will see their niche overlapping the Quebec territory in the 

future, potentially generates the northern biodiversity paradox, as described earlier. This paradox, 

which might emerge in all northern jurisdictions well connected to their southern neighbors, 

complicates the messages that the research community must send locally to managers and the public, 

and raises the question of how to manage new species arriving to Quebec. Will northern regions 

become future refuges of biodiversity, and will this generate new responsibilities, opportunities, or 

challenges for biodiversity conservation in these regions? 

5. Conclusions 

Implementing effective climate change adaptation strategies for biodiversity conservation and 

ecosystem management is challenging (e.g., [85]). In Quebec, the first forum where information can be 

coproduced and shared by various players with an interest in biodiversity and ecosystems has now 

been established through the CC-Bio Project, with the help of a boundary organization. A research 

approach and sources of data have been identified, preliminary results are being produced, first 

directions for adaptive strategies have been proposed, and training of a new generation of biologists 

increasingly informed of climate change issues has started. Although not discussed in this paper, one 

main boundary object [29] from the CC-Bio Project has been identified in the form of a Climatic Atlas 

of Quebec Biodiversity, which should greatly help to disseminate the key findings of this research. 

Several other large projects (e.g., ATEAM-Advanced Terrestrial Ecosystem Analysis and 

Modelling [86]; ALARM-Assessing LArge scale Risks for biodiversity with tested Methods [87]; 

ECOCHANGE-Biodiversity and ecosystem changes in Europe) have identified the vulnerability to 

global change of human sectors relying on ecosystem services, and the dialogue between scientists and 

stakeholders as central foci. Coproduction of knowledge is key for progress when developing policies 

to address complex issues surrounding biodiversity, conservation, and ecosystem management in an 

era of climate change. The sharing of expertise among scientists within and outside academia ensures 

that societal concerns are taken into account in the interpretation and discussion of results. More than 

anything, CC-Bio collaborations are helping to catalyze climate change and biodiversity research in 

Quebec, contribute to the debate about biodiversity and resource conservation, and inform policy by 

providing state-of-the art spatial information on potential distribution changes for native species and 

their ecosystems. 
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