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Northern protected areas will 
become important refuges for 
biodiversity tracking suitable 
climates
Dominique Berteaux  1, Marylène Ricard1, Martin-Hugues St-Laurent2, Nicolas Casajus1, 
Catherine Périé3, Frieda Beauregard4 & Sylvie de Blois4,5

The Northern Biodiversity Paradox predicts that, despite its globally negative effects on biodiversity, 
climate change will increase biodiversity in northern regions where many species are limited by low 
temperatures. We assessed the potential impacts of climate change on the biodiversity of a northern 
network of 1,749 protected areas spread over >600,000 km2 in Quebec, Canada. Using ecological niche 
modeling, we calculated potential changes in the probability of occurrence of 529 species to evaluate 
the potential impacts of climate change on (1) species gain, loss, turnover, and richness in protected 
areas, (2) representativity of protected areas, and (3) extent of species ranges located in protected 
areas. We predict a major species turnover over time, with 49% of total protected land area potentially 
experiencing a species turnover >80%. We also predict increases in regional species richness, 
representativity of protected areas, and species protection provided by protected areas. Although we 
did not model the likelihood of species colonising habitats that become suitable as a result of climate 
change, northern protected areas should ultimately become important refuges for species tracking 
climate northward. This is the first study to examine in such details the potential effects of climate 
change on a northern protected area network.

Protected area networks are our most valuable resource for in situ conservation of global biodiversity1, there-
fore many studies have tried to project future impacts of climate change on protected areas2,3. Indeed, whereas 
protected areas are remarkably successful at buffering species from habitat loss and fragmentation, they will 
not protect them from climate change4. The most obvious cases are those of endemic or threatened species for 
which climate conditions would become unsuitable in protected areas where they currently occur2,5. In other 
cases, climate change could substantially reduce suitable climate space of species inside protected area networks, 
potentially driving them to become endangered6. Other impacts of climate change on protected areas include the 
potential colonization of invasive or pest species7,8, since protected areas may facilitate their range expansion9. 
Significant disruption of current species assemblages has also been predicted inside protected areas3,6. These 
impacts of climate change challenge our definition of the protected area’s concept. The efficacy of protected area 
networks in preserving future biodiversity is still an unresolved issue, as various indicators suggest that protected 
areas may become less effective in the future10,11, while others suggest that rigorously defined networks can play a 
key role in mitigating the worst impacts of climate change on biodiversity3,12.

Increased rates of species turnover have often been projected as a result of climate change13,14, and many 
species may face a considerable reduction of their suitable climate space, potentially facing extinction15,16. 
Paradoxically however, many populations from northern latitudes could benefit from global warming if they are 
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located at the northern range boundary of the species and limited by cold climate conditions. For example, in 
temperate regions of the northern hemisphere, ectothermic species like amphibians might expand their distribu-
tion in response to warming if dispersal of individuals is allowed17. This expected northward expansion of species 
ranges in the northern hemisphere and the potential increase of regional species richness that this might incur 
have been coined as the Northern Biodiversity Paradox18. In support of this hypothesis, several large scale studies 
have highlighted a potential increase in species richness in northern and temperate regions2,13,19, and a few have 
specifically focused on regions where biodiversity could potentially increase due to climate change20–22.

In this paper, we assessed the potential impacts of climate change on the biodiversity of a network of 1,749 
protected areas spread over >600,000 km2 in Quebec, Canada. Our study area is characterized by a northern 
climate with cold winters and short summers, encompasses the northern range boundary of many species, and 
might be exposed to high rates of climate displacement23. We predicted that many species would see their suitable 
climate space expanding inside the study area as climate warms during this century, leading to potential species 
gain and turnover within protected areas. We used changes in the potential probability of occurrence of 529 spe-
cies of birds, amphibians, trees, and other vascular plants, for which the ecological niche was modeled, to evaluate 
potential impacts of climate change on (1) species gain, loss, turnover, and richness in protected areas, (2) extent 
to which regional species diversity is represented in protected areas (representativity of protected areas), and (3) 
extent of species ranges located in protected areas. We discuss the implications of our findings for biodiversity 
conservation and protected area management in cold climate regions.

Results
Potential impacts of climate change in protected areas. Species gain, loss, turnover and richness. In 
2071–2100, climate is expected to become suitable for many new species in protected areas of Quebec. We project 
a potential relative species gain ranging from 12 to 530% (92% ± 93), depending on the protected area (Fig. 1b, 
pale bars). This effect is maximized in northernmost protected areas (Fig. 1a). Because many large protected 
areas are located in northern parts of the study area, 67% of the total protected land area could experience a rel-
ative species gain ≥100% (Fig. 1b, dark bars) if species distributions were to track predicted changes in climatic 
conditions.

However, many species could also lose suitable climate space in protected areas, especially in the southern-
most protected areas and, to a lesser extent, in northern and western areas (Fig. 1c). The potential relative species 
loss ranges from 7 to 55% (24% ± 10) depending on protected areas (Fig. 1d, pale bars), and is >50% on 6% of the 
total protected land area (Fig. 1d, dark bars).

Locally, model results suggest that climate change may impose a strong pressure on species composition, with 
a potential species turnover ranging from 37 to 91% (55% ± 12) depending on protected areas (Fig. 1f, pale bars). 
This effect is clearly stronger at higher latitudes (Fig. 1e). Overall, 49% of total protected land area might experi-
ence a species turnover ≥80% (Fig. 1f, dark bars), according to the results generated from the 529 studied species.

Protected areas would contain in general more species in 2071–2100 than in 1961–1990 (V = 161 903, 
p-value < 0.001, n = 1749) if all species tracked their suitable climatic conditions. This is shown in Fig. 2 by the 
shift to the right of the frequency distribution of species richness between 1961–1990 (blue bars) and 2071–2100 
(red bars). Despite this general tendency, however, species richness might decrease in 401 protected areas (23%), 
as shown by the thick-border bars with negative changes in number of species (Fig. 2).

Representativity of protected areas. Representativity of protected areas assessed at the scale of natural provinces 
would also generally increase in 2071–2100 compared to 1961–1990 (V = 424 220, p-value < 0.001, n = 1727) if 
all species were to track their suitable climatic conditions. This is shown in Fig. 3, where the frequency distribu-
tion of representativity slightly shifts to the right between 1961–1990 (blue bars) and 2071–2100 (red bars). The 
representativity of a majority of protected areas would thus increase, although it would decrease in 542 (31%) of 
them (thick-border bars in Fig. 3). Results are very similar when analyses are done at the coarser scale of the study 
area or at the finer scale of natural regions (Supplementary Figs S1 and S2).

Extent of species range located in protected areas. The level of protection provided by protected 
areas could substantially increase for most of the studied species, again if they are to track predicted changes in 
climatic conditions. The potential changes in extent of species protected range vary from −100% to 1.7 × 106% 
(median = 177% ± 239 MAD; Fig. 4) according to our simulations. Fifty out of 450 species might however expe-
rience a decrease in the extent of their protected range. Supplementary Table S1 gives the species-specific details 
regarding the potential change in level of protection provided by the protected areas.

Discussion
Climate conditions in Quebec will become more suitable to many species from eastern North America. These 
species could therefore expand their ranges northward, in agreement with modeling results or observations pre-
viously conducted in northern and temperate regions for various plants22,24, birds25,26, mammals20,21, and arthro-
pods27. In a context of decreasing species richness with latitude28, northern protected areas could experience 
important species gains, as expected from the Northern Biodiversity Paradox. The extent of species ranges located 
in protected areas should generally increase, despite heterogeneity among species. Similarly, despite heterogene-
ity among protected areas, representativity of protected areas should generally increase, whether this is assessed 
at the coarse scale of the study area, at the intermediate scale of natural provinces or at the fine scale of natural 
regions.

Some of our methods may have underestimated the changes to come. For instance, among plants other than 
trees, only species native of Quebec were modeled, so no immigration from the U.S.A. was allowed for this 
group and the potential northward influx of species is actually higher than presented. Before investigating the 
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Figure 1. Potential climate change impacts on biodiversity of protected areas of southern Quebec, Canada, 
for 2071–2100. Biodiversity was assessed through analysis of 529 species of birds, amphibians, trees, and 
other vascular plants. Potential impacts are illustrated through potential relative species gain (rG, top panels), 
potential relative species loss (rL, middle panels), and potential species turnover (T, bottom panels). Relative 
species gain and loss are expressed as a percentage of the modeled species richness for the 1961–1990 reference 
period. Maps show spatial patterns of rG (panel a), rL (panel c), and T (panel e). Bar charts show in pale green 
the proportion of protected areas (n = 1,749) and in dark green the proportion of total protected land area 
(n = 42 676 km2) for each value class of rG (panel b), rL (panel d), and T (panel f). Note that in panel b, bars 
located on the right end of the X axis gather potential relative species gains ≥100%. Maps were created using 
ESRI ArcGIS 9.4 (http://www.esri.com/).

http://www.esri.com/
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conservation implications of these predicted range expansions into northern protected areas, we highlight the 
important topic of dispersal limitations, we raise the questions of local extirpations and rupture of present biotic 
interactions, and we recognize a caveat regarding the interpretation of results from small protected areas.

We are aware that species will not necessarily fully track their new climatic conditions, as several factors can 
impede or delay immigration of species in protected areas of Quebec. First, dispersal rates could be 1.5 to 3 km/
year for birds and 0.1 to 0.5 km/year for amphibians and plants, respectively16. However, the velocity of shift for 
the 5 °C isotherm is projected to be about 2 km/year in Quebec during this century18. Insufficient dispersal capac-
ities of species will thus delay immigration in response to climate change. In addition, natural and anthropogenic 
habitat fragmentation can further impede dispersal rates of organisms by reducing connectivity between suitable 
patches29,30. For example, the St. Lawrence River which divides southern Quebec from east to west, the urbanized 
area of Montreal, and the fragmented agro-forested habitats of Southern Quebec all represent major barriers to 
species dispersal. Substantial lags between climate change and resulting immigration were shown for butterflies 
in Great Britain31, forest-understory plants in U.S.A.32, trees in western North America33, and birds in North 
America34 and France35. Second, competition with presently-established species can strongly limit colonization 
by newcomers36. For example, persistence of long-lived conifers in the boreal biome could delay the northward 

Figure 2. Frequency distribution of modeled species richness in 1,749 protected areas of southern Quebec, 
Canada. A total of 549 species were modeled. The periods 1961–1990 and 2071–2100 are represented as grey 
and hatched bars, respectively. The frequency distribution of the potential change in modeled species richness 
between 1961–1990 and 2071–2100 is represented by bars with thick borders.

Figure 3. Frequency distribution of potential representativity of 1,727 protected areas of southern Quebec, 
Canada. The periods 1961–1990 and 2071–2100 are represented as grey and hatched bars, respectively. 
Representativity is defined as the proportion of species that occur in the cells containing a given natural 
province (as defined in Quebec’s Ecological Reference Framework) that also occur in the cells containing a 
protected area located in that natural province. The frequency distribution of the potential change in potential 
representativity between 1961–1990 and 2071–2100 is represented by bars with thick borders.
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expansion of deciduous trees, which could in turn delay the expansion of birds associated with mature decidu-
ous stands. More generally, we ignored many variables other than climate in defining future habitat suitability 
of species, therefore our predictions for future suitable habitat are sometimes overly optimistic37. Colonization 
requires sequential successes in the dispersal, establishment, and survival of individuals on new suitable sites as 
well as growth and persistence of populations via continued reproduction38. Immigration of species is delayed 
if any of these steps is hampered. As a consequence, our results are not meant to offer quantitative assessment of 
local changes in biodiversity within a specific time frame, but only to provide the best-available indication of the 
strong pressure that climate change will impose on biodiversity.

Potential species gains, however impressive they are, should not draw attention away from potential local 
extirpations of species that may no longer find suitable conditions in protected areas where they currently occur. 
The geographical pattern of potential relative species loss suggests that several species could face local extirpa-
tions in the southernmost protected areas of Quebec. However, relative species loss could also be important in 
protected areas located at higher latitudes, where only few local extirpations can have drastic effects on simple 
communities39. Moreover, sampling bias in the modeling of birds (species breeding north of 53°N were excluded 
from ecological niche modeling) may mask more important species losses in the northernmost areas. Predicted 
reduced breeding range by climate change has been demonstrated for bird species adapted to cold climates in sub-
arctic and arctic Europe40. These potential extirpations are of great concern for conservation because protected 
areas are often specifically designed to preserve vulnerable species from human threats, and we demonstrate that 
such species can be pushed out of protected areas by climate change.

As shown by our results, climate change could lead to major changes in the composition of current biological 
communities in protected areas of Quebec. This agrees with recent findings suggesting important potential spe-
cies turnover for North American boreal forest birds41. Greater turnover rates are expected in the northernmost 
protected areas, where relatively simple communities could be highly affected by a proportionally high number 
of immigrant species. Changes in community structure and composition may affect species-mediated ecological 
processes42, lead to a rupture of present biotic interactions43, or have indirect effects on other species via trophic 
cascades44,45. Species that do not currently coexist may do so in the future46. Predicting the outcomes of new 
interactions in these novel communities is a major scientific challenge.

We recognize that we overestimated the richness and representativity of small protected areas because we 
assigned to these protected areas the values of the 20 km × 20 km cell in which they were contained. This may not 
impact general comparisons across time horizons, but one should resist the temptation to interpret results at the 
scale of single protected areas.

Conservation implications. The protected areas of Quebec are poised to becoming biodiversity refuges of 
continental importance, which has four imbricated conservation implications. First, the efficiency of the Quebec 
network of protected areas in preserving biodiversity could be compromised by limitations to species dispersal. 
A biodiversity deficit could occur in some areas of Quebec if many species are trapped for decades or centuries 
between rapid retreat at their southern edge and slow advance at their northern edge38. Therefore, increasing 
connectivity between protected areas and preserving and restoring potential immigration corridors are priorities.

Figure 4. Number of species in each class of potential change in extent of species range located in protected 
areas. N = 450 species. Potential change in extent of species protected range is defined as the change in the 
protected land area overlapping with the modeled species distribution that is projected to occur between 
1961–1990 and 2071–2100, expressed as a percentage of the protected surface a species is projected to occur in 
during 1961–1990. Grey bars show increases and white bars show decreases. Of the 529 species studied, 79 were 
excluded from the analysis because their modeled distribution in 1961–1990 did not overlap the study area.
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Second, colonizing species favour protected over unprotected sites9 and managers of protected areas in north-
ern regions will have to deal with an increasing number of new immigrant species47. Newly arriving species can 
impact negatively ecosystem structure and function48. At the same time, self-sustaining populations of non-native 
species could become necessary in some protected areas to ensure local ecosystem functions and services if his-
torical communities are deeply modified49. In this context, deciding which new species should be controlled and 
which should be tolerated or favored will represent an immense challenge.

Third, in Canada as in several other high-latitude countries, northern peripheral species are already a signifi-
cant portion of species at risk50. These species can have negative impacts on native communities locally, but from 
a wider point of view, genetic diversity of leading-edge peripheral populations may help species to cope with 
climate change50. Hence, assigning conservation status to rare and recently naturalized species is a thorny issue, 
and conservation value of rare new species should be considered in a long-term continental perspective rather 
than short-term national perspective.

Fourth, the important species turnover expected in northern protected areas emphasizes the hopelessness of 
trying to preserve a snapshot of today’s biodiversity. This challenges the traditional paradigm of conserving the 
ecological integrity of National Parks. Designing conservation to preserve site resilience and a diversity of phys-
ical features and abiotic conditions that are associated with ecological diversity could be a valuable biodiversity 
conservation strategy under climate change51,52.

Our study is the first to examine in such details the potential effects of climate change on the biodiversity of 
a large network of northern protected areas. As predicted by the Northern Biodiversity Paradox, implications 
of our results entail some shifts in conservation paradigms. These paradigm shifts, although largely familiar to 
climate change biologists, have yet to be translated at the local scale by practitioners into short and long-term 
action plans.

Methods
Study design. We used ecological niche modeling to forecast the potential effects of 21st century climate 
change on the distribution of a large set of species. These species currently occur in the studied network of pro-
tected areas or could potentially be found there in the future as climate warms up. We used 1961–1990 as our 
reference period and 2071–2100 as future time horizon. The project builds on a large collaborative effort (the 
CC-Bio Project) to assess the effects of climate change on Quebec biodiversity in general18,53, and on Quebec 
forests in particular24,37,54.

Study area. We studied the protected area network of the southern part of the province of Quebec, Canada. 
The study area extents from 45°N to 53°N (Supplementary Fig. S3) and is located inside the temperate broadleaf/
mixed forest and boreal forest/taiga biomes55. We studied 1749 protected areas, or 72% of the 2439 protected 
areas found in Quebec. Quebec protected areas located totally or partially outside the study area (n = 148) and 
marine/coastal protected areas (n = 542) were excluded from the analyses. The studied protected areas represent 
32% (43,689 km2) of the surface covered by the Quebec protected area network, and 95% of the protected areas 
studied are less than 50 km2 in size (Supplementary Fig. S4). Our analyses cover a wide range of IUCN protected 
area categories (Supplementary Table S3), with categories IV (37%) and VI (30%) being the most represented 
(Supplementary Fig. S4).

Species and environmental data. We collected presence/absence or occurrence data (1961–1990) on 176 
species of birds, 40 species of amphibians, 90 species of trees, and 223 other vascular plants (total 529 species) in 
a large area (hereafter, the modeling area) covering most of eastern North America (see Supplementary Table S1 
for the complete list of species and Supplementary Fig. S3 for a map of the study area). We then reported this 
information on the 9,806 20 km x 20 km grid cells of the modeling area.

Species data come from several Canadian and U.S. governmental survey databases and from large amateur 
observation programs, as detailed in Supplementary Methods: Species and environmental data.

We excluded bird species breeding north of 53°N because data were missing from a large fraction of their 
breeding range. We lacked distribution data for amphibians and vascular plants from Ontario, located south-east 
of Quebec, where some future immigrants to Quebec potentially occur. For vascular plants other than trees, we 
modeled only species already present in the province of Quebec. These sampling constraints generated some 
biases that we have raised in Discussion.

Although we studied only a fraction of the regional biodiversity, the selected species offer a good representa-
tion of the different types of species ranges (e.g., northern peripheral, subcosmopolitan), they have a diversified 
natural history (e.g., plants, herbivores, predators), they include species that strongly structure ecosystems (e.g., 
trees), and some of them are of conservation or management importance. Our results should thus be highly 
informative regarding the potential spatial reorganization of regional biodiversity.

Three to four climate variables were used to relate species distribution to climate, depending on taxon 
(Supplementary Table S5). These variables were selected for their biological relevance and according to a correla-
tion matrix selection, such that the Pearson correlation coefficient was under 0.6 for all pairs of selected variables. 
The origin of climate data for the reference and future periods is detailed in Supplementary Methods: Species and 
environmental data.

Soil and topographic conditions influence distribution patterns for many plant species37. Surface deposits (7 
classes) and soil drainage conditions (3 classes) were used to model trees following Chambers et al.54. Sources for 
soil and topographic data are given in Supplementary Methods: Species and environmental data.

Ecological niche modeling. Ecological niche models were performed for each species using up to eight 
statistical approaches within an ensemble forecasting framework56,57 in order to consider uncertainty due to 
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differences in modeling and projection procedures. Analyses were performed using the BIOMOD package58 
implemented in the R statistical software59. Details on BIOMOD implementation are available in Supplementary 
Methods: Ecological modeling, which also describes how the predictive performance of models was evaluated 
and the multiple projections summarized.

Pseudo-absences were generated to train ecological niche models, except for trees for which real absences were 
available. For each species, a spatial buffer was overlaid around all cells reporting species presence, and randomly 
selected absences were chosen outside this buffer25. To give equal weight to presences and pseudo-absences, we 
selected the same number of pseudo-absences as we had presences for a given species (prevalence = 0.5). The 
pseudo-absence selections were repeated ten times. We provide the distribution of AUC values for calibrated 
models in Supplementary Fig. S5.

Analyses: Species gain, loss, turnover and richness in protected area. Species absent in 1961–1990 
from a cell where climate would become suitable in 2071–2100 could potentially colonize that cell, thus resulting 
in a distribution gain. Conversely, species present in 1961–1990 in a cell where climate would become unsuitable 
may become locally extirpated, thus incurring a distribution loss. We calculated for each cell the number of spe-
cies for which climate should become suitable (potential gain, G) or unsuitable (potential loss, L) in 2071–2100, 
and divided these values by species richness calculated from modeled distributions during the reference period 
(ref SR) to obtain a potential relative species gain (rG) or loss (rL), following equations (1) and (2). We also cal-
culated for each cell the potential species turnover (T) using equation (3) from Peterson et al.60. T ranges from 0 
(species composition does not change between 1961–1990 and 2071–2100) to 100 (full species turnover).

rG G ref SR100 / (1)= ×

= ×rL L ref SR100 / (2)

= × + +T G L ref SR G100 ( )/( ) (3)

When a protected area was contained in a single cell, the gain, loss, turnover, and richness values of that cell 
were assigned to the protected area. When a protected area overlapped several cells, these cells were aggregated 
into the smallest polygon containing the protected area, and values were calculated for this polygon before being 
assigned to the protected area. This allowed us to report results with protected areas as sampling units.

Protected areas differ in their conservation importance due to their varying size and degree of overlap with 
other protected areas. We thus also report results with reference to protected land area. To do this we calculated 
for each cell how much land was protected, and assigned to this land the values of the cell. This allowed us to 
assess how much protected land area within the studied network of 1749 protected areas could be attributed to 
various classes of species gain, loss, turnover, and richness.

Analyses: Representativity of protected areas. We estimated the representativity of each protected 
area by dividing its species richness by the species richness of the region to which the protected area belongs, 
using modeled distributions to assess species richness (see above). Representativity equals 1 when all species 
predicted to occur in the region are also predicted to occur in the cells containing the protected area. We repeated 
the analysis for 1961–1990 and 2071–2100 as well as at three spatial scales, i.e. the whole study area, natural 
provinces, and natural regions. Natural provinces and natural regions are levels I and II of Quebec’s Ecological 
Reference Framework61 and are used as reference to plan Quebec’s network of protected areas. The scale of natural 
provinces matches roughly that of the level III ecoregions of North America.

Analyses: Extent of species range located in protected areas. We evaluated how climate change 
could potentially affect the level of protection offered by protected areas to each modeled species. We excluded 
from the analysis 79 species (19 birds, 18 amphibians, 41 trees, and 1 other vascular plant) for which the modeled 
distribution in 1961–1990 did not overlap the study area. For each species, we defined the potential change in 
protected range (ΔPR) between 1961–1990 (ref PR) and 2071–2100 (future PR) as the change in protected land 
area overlapping the modeled species range, assuming species fully track their suitable climatic conditions. We 
calculated ΔPR using equation (4). ΔPR is positive when the extent of the species range located on protected land 
increases and negative when it decreases.

PR future PR ref PR ref PR100 ( )/ (4)Δ = × −

Statistics and reporting. We expressed measures of central tendency as mean ± SD, except when extreme 
values make the use of median ± MAD (median absolute deviation) more appropriate. We used Wilcoxon 
signed-rank tests (data were not normally distributed) to compare richness and representativity of protected 
areas across time horizons. We did analyses and statistical tests using R version 2.14.159 and maps using ArcMap 
version 10.062.

Data availability. Web links for publicly available datasets are given in Supplementary Table S4. 
Detailed modeling results (3,405 tables) and observed and modeled distributions (8,172 maps accessible 
via drop-down menus) for the studied species (except trees) are available at http://cc-bio.uqar.ca/english/
en_atlas.html. Occurrence data and modeled distributions for trees are available at http://mffp.gouv.qc.ca/
changements-climatiques/outil/telecharger.html.

http://cc-bio.uqar.ca/english/en_atlas.html
http://cc-bio.uqar.ca/english/en_atlas.html
http://mffp.gouv.qc.ca/changements-climatiques/outil/telecharger.html
http://mffp.gouv.qc.ca/changements-climatiques/outil/telecharger.html


www.nature.com/scientificreports/

8SCieNtifiC REPORtS |  (2018) 8:4623  | DOI:10.1038/s41598-018-23050-w

References
 1. Secretariat of the Convention on Biological Diversity. Programme of Work on Protected Areas (CBD Programmes of Work) (2004).
 2. Araújo, M. B., Alagador, D., Cabeza, M., Nogués-Bravo, D. & Thuiller, W. Climate change threatens European conservation areas. 

Ecology letters 14, 484–492 (2011).
 3. Hole, D. G. et al. Projected impacts of climate change on a continent-wide protected area network. Ecology Letters 12, 420–431 

(2009).
 4. Monzón, J., Moyer-Horner, L. & Palamar, M. B. Climate change and species range dynamics in protected areas. BioScience 61, 

752–761 (2011).
 5. Li, X. et al. Projected impacts of climate change on protected birds and nature reserves in China. Science Bulletin 60, 1644–1653 

(2015).
 6. Thuiller, W. et al. Vulnerability of African mammals to anthropogenic climate change under conservative land transformation 

assumptions. Global Change Biology 12, 424–440 (2006).
 7. Benning, T. L., LaPointe, D., Atkinson, C. T. & Vitousek, P. M. Interactions of climate change with biological invasions and land use 

in the Hawaiian Islands: modeling the fate of endemic birds using a geographic information system. Proceedings of the National 
Academy of Sciences 99, 14246–14249 (2002).

 8. Simpson, M. & Prots, B. Predicting the distribution of invasive plants in the Ukrainian Carpathians under climatic change and 
intensification of anthropogenic disturbances: implications for biodiversity conservation. Environmental Conservation 40, 167–181 
(2012).

 9. Thomas, C. D. et al. Protected areas facilitate species’ range expansions. Proceedings of the National Academy of Sciences 109, 
14063–14068 (2012).

 10. Coetzee, B. W. T., Robertson, M. P., Erasmus, B. F. N., Van Rensburg, B. J. & Thuiller, W. Ensemble models predict Important Bird 
Areas in southern Africa will become less effective for conserving endemic birds under climate change. Global Ecology and 
Biogeography 18, 701–710 (2009).

 11. Ferro, V. G., Lemes, P., Melo, A. S. & Loyola, R. The reduced effectiveness of protected areas under climate change threatens Atlantic 
Forest tiger moths. Plos One 9, e107792 (2014).

 12. Virkkala, R., Pöyry, J., Heikkinen, R. K., Lehikoinen, A. & Valkama, J. Protected areas alleviate climate change effects on northern 
bird species of conservation concern. Ecology and Evolution 4, 2991–3003 (2014).

 13. Lawler, J. J. et al. Projected climate-induced faunal change in the Western Hemisphere. Ecology 90, 588–597 (2009).
 14. Thuiller, W., Lavorel, S., Araújo, M. B., Sykes, M. T. & Prentice, I. C. Climate change threats to plant diversity in Europe. Proceedings 

of the National Academy of Sciences of the United States of America 102, 8245–8250 (2005).
 15. Ramirez-Villegas, J. et al. Using species distributions models for designing conservation strategies of Tropical Andean biodiversity 

under climate change. Journal for Nature Conservation 22, 391–404 (2014).
 16. Warren, R. et al. Quantifying the benefit of early climate change mitigation in avoiding biodiversity loss. Nature Climate Change 

https://doi.org/10.1038/nclimate1887 (2013).
 17. Araújo, M. B., Thuiller, W. & Pearson, R. G. Climate warming and the decline of amphibians and reptiles in Europe. Journal of 

Biogeography 33, 1712–1728 (2006).
 18. Berteaux, D. et al. The CC-Bio Project: studying the effects of climate change on Quebec biodiversity. Diversity 2, 1181–1204 (2010).
 19. Thuiller, W. et al. Consequences of climate change on the tree of life in Europe. Nature 470, 531–534 (2011).
 20. Hof, A. R., Jansson, R. & Nilsson, C. Future climate change will favour non-specialist mammals in the (Sub)Arctics. Plos One 7, 

e52574 (2012).
 21. Kerr, J. & Packer, L. The impact of climate change on mammal diversity in Canada. Environmental Monitoring and Assessment 49, 

263–270 (1998).
 22. Zhang, J., Nielsen, S. E., Stolar, J., Chen, Y. & Thuiller, W. Gains and losses of plant species and phylogenetic diversity for a northern 

high-latitude region. Diversity and Distributions 21, 1441–1454 (2015).
 23. Batllori, E., Parisien, M.-A., Parks, S. A., Moritz, M. A. & Miller, C. Potential relocation of climatic environments suggests high rates 

of climate displacement within the North American protection network. Global Change Biology, https://doi.org/10.1111/gcb.13663 
(2017).

 24. Boisvert-Marsh, L., Périé, C. & de Blois, S. Shifting with climate? Evidence for recent changes in tree species distribution at high 
latitudes. Ecosphere 5, 1–33 (2014).

 25. Barbet-Massin, M., Thuiller, W. & Jiguet, F. The fate of European breeding birds under climate, land-use and dispersal scenarios. 
Global Change Biology 18, 881–890 (2012).

 26. Matthews, S. N., O’Connor, R. J., Iverson, L. R. & Prasad, A. M. Atlas of climate change effects in 150 bird species of the Eastern United 
States. (US Department of Agriculture, Forest Service, Northeastern Research Station, 2004).

 27. Porretta, D. et al. Effects of global changes on the climatic niche of the tick Ixodes ricinus inferred by species distribution modelling. 
Parasites & Vectors 6, 271 (2013).

 28. Willig, M. R. Latitudinal gradients in diversity. Encyclopedia of biodiversity 3, 701–714 (2000).
 29. Collingham, Y. C. & Huntley, B. Impacts of habitat fragmentation and patch size upon migration rates. Ecological Applications 10, 

131–144 (2000).
 30. Higgins, S. I., Lavorel, S. & Revilla, E. Estimating plant migration rates under habitat loss and fragmentation. Oikos 101, 354–366 

(2003).
 31. Menendez, R. et al. Species richness changes lag behindclimate change. Proceedings of the Royal Society B: Biological Sciences 273, 

1465–1470 (2006).
 32. Ash, J. D., Givnish, T. J. & Waller, D. M. Tracking lags in historical plant species’ shifts in relation to regional climate change. Global 

Change Biology 23, 1305–1315 (2017).
 33. Gray, L. K. & Hamann, A. Tracking suitable habitat for tree populations under climate change in western North America. Climatic 

Change 117, 289–303 (2012).
 34. La Sorte, F. A. & Jetz, W. Tracking of climatic niche boundaries under recent climate change: Niche tracking under recent climate 

change. Journal of Animal Ecology 81, 914–925 (2012).
 35. Devictor, V., Julliard, R., Couvet, D. & Jiguet, F. Birds are tracking climate warming, but not fast enough. Proceedings of the Royal 

Society B: Biological Sciences 275, 2743–2748 (2008).
 36. Urban, M. C., Tewksbury, J. J. & Sheldon, K. S. On a collision course: competition and dispersal differences create no-analogue 

communities and cause extinctions during climate change. Proceedings of the Royal Society B: Biological Sciences 279, 2072–2080 
(2012).

 37. Beauregard, F. & de Blois, S. Beyond a climate-centric view of plant distribution: edaphic variables add value to distribution models. 
Plos One 9, e92642 (2014).

 38. Jackson, S. T. & Sax, D. F. Balancing biodiversity in a changing environment: extinction debt, immigration credit and species 
turnover. Trends in Ecology & Evolution 25, 153–160 (2010).

 39. Eklof, A. & Ebenman, B. Species loss and secondary extinctions in simple and complex model communities. Journal of Animal 
Ecology 75, 239–246 (2006).

 40. Hof, A. R., Rodríguez-Castañeda, G., Allen, A. M., Jansson, R. & Nilsson, C. Vulnerability of Subarctic and Arctic breeding birds. 
Ecological Applications 27, 219–234 (2017).

http://dx.doi.org/10.1038/nclimate1887
http://dx.doi.org/10.1111/gcb.13663


www.nature.com/scientificreports/

9SCieNtifiC REPORtS |  (2018) 8:4623  | DOI:10.1038/s41598-018-23050-w

 41. Langham, G. M., Schuetz, J. G., Distler, T., Soykan, C. U. & Wilsey, C. Conservation Status of North American Birds in the Face of 
Future Climate Change. Plos One 10, e0135350 (2015).

 42. Williams, S. E., Shoo, L. P., Isaac, J. L., Hoffmann, A. A. & Langham, G. Towards an integrated framework for assessing the 
vulnerability of species to climate change. PLoS Biology 6, e325 (2008).

 43. Parmesan, C. Ecological and evolutionary responses to recent climate change. Annual Review of Ecology, Evolution, and Systematics 
37, 637–669 (2006).

 44. Duffy, J. E. Biodiversity loss, trophic skew and ecosystem functioning. Ecology Letters 6, 680–687 (2003).
 45. Schleuning, M. et al. Ecological networks are more sensitive to plant than to animal extinction under climate change. Nat Commun 

7 (2016).
 46. Williams, J. W. & Jackson, S. T. Novel climates, no-analog communities, and ecological surprises. Frontiers in Ecology and the 

Environment 5, 475–482 (2007).
 47. Allen, J. M. & Bradley, B. A. Out of the weeds? Reduced plant invasion risk with climate change in the continental United States. 

Biological Conservation 203, 306–312 (2016).
 48. Foxcroft, L. C., Pyšek, P., Richardson, D. M., Genovesi, P. & MacFadyen, S. Plant invasion science in protected areas: progress and 

priorities. Biological Invasions 19, 1353–1378 (2017).
 49. Walther, G.-R. et al. Alien species in a warmer world: risks and opportunities. Trends in Ecology & Evolution 24, 686–693 (2009).
 50. Gibson, S. Y., Van Der Marel, R. C. & Starzomski, B. M. Climate change and conservation of leading-edge peripheral populations. 

Conservation Biology 23, 1369–1373 (2009).
 51. Anderson, M. G., Clark, M. & Sheldon, A. O. Estimating Climate Resilience for Conservation across Geophysical Settings: Resilient 

Conservation Sites. Conservation Biology 28, 959–970 (2014).
 52. Lawler, J. J. et al. The theory behind, and the challenges of, conserving nature’s stage in a time of rapid change: Conserving Nature’s 

Stage in a Time of Rapid Change. Conservation Biology 29, 618–629 (2015).
 53. Berteaux, D., Casajus, N. & de Blois, S. Effects of climate change on Quebec biodiversity: maps and data. Available at: http://cc-bio.

uqar.ca/english/en_atlas.html. (Accessed: 29th May 2017) (2015).
 54. Chambers, D., Périé, C., Casajus, N. & de Blois, S. Challenges in modelling the abundance of 105 tree species in eastern North 

America using climate, edaphic, and topographic variables. Forest Ecology and Management 291, 20–29 (2013).
 55. Tardif, B., Lavoie, G. & Lachance, Y. Quebec Biodiversity Atlas - Threatened or vulnerable species. (Gouvernement du Québec, 

Ministère du Développement durable, de l’Environnement et des Parcs, 2005).
 56. Araújo, M. B. & New, M. Ensemble forecasting of species distributions. Trends in Ecology & Evolution 22, 42–47 (2006).
 57. Thuiller, W. Patterns and uncertainties of species’ range shifts under climate change. Global Change Biology 10, 2020–2027 (2004).
 58. Thuiller, W., Lafourcade, B., Engler, R. & Araújo, M. B. BIOMOD - a platform for ensemble forecasting of species distributions. 

Ecography 32, 369–373 (2009).
 59. R Development Core Team. R: A Language Environment for Statistical Computing. (R Foundation for Statistical Computing, 2012).
 60. Peterson, A. T. et al. Future projections for Mexican faunas under global climate change scenarios. Nature 416, 626–629 (2002).
 61. Gerardin, V. & Ducruc, J.-P. The Ecological Reference Framework for Quebec: a useful tool for forest sites evaluation. Vegetatio 87, 

19–27 (1990).
 62. ESRI. ArcGIS Desktop: Release 10. (Environmental Systems Research Institute, 2011).

Acknowledgements
This project was financially supported by the Ministry of Sustainable Development, Environment, and the Fight 
against Climate Change of Quebec (MDDELCC) in the context of the implementation of Quebec 2006–2012 
Climate Change Action Plan. The CC-Bio project was financially supported by (alphabetical order): Ducks 
Unlimited Canada, Government of Canada, Ministry of Forests, Wildlife and Parks of Quebec, Ouranos 
Consortium on Regional Climatology and Adaptation to Climate Change, and Natural Sciences and Engineering 
Research Council of Canada (Strategic Project Grant STPGP 350816–07 to D. Berteaux). Financial support was 
also partially provided to M. Ricard from a NSERC-Discovery grant awarded to M.-H. St-Laurent (#386661–
2010). We thank all those who contributed to the CC-Bio project, as well as L. Bélanger and F. Brassard who led 
the project “Adaptation aux changements climatiques du design et de la gestion du réseau d’aires protégées au 
Québec” in which our study was implemented. Two anonymous reviewers provided helpful comments on the 
manuscript.

Author Contributions
D.B., M.R., C.P. and S.d.B. designed the study. M.R., N.C., C.P., F.B. and S.d.B. performed data collection. All 
authors contributed to the analyses, interpretation of the results, and writing of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23050-w.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-23050-w
http://creativecommons.org/licenses/by/4.0/

	Northern protected areas will become important refuges for biodiversity tracking suitable climates
	Results
	Potential impacts of climate change in protected areas. 
	Species gain, loss, turnover and richness. 
	Representativity of protected areas. 

	Extent of species range located in protected areas. 

	Discussion
	Conservation implications. 

	Methods
	Study design. 
	Study area. 
	Species and environmental data. 
	Ecological niche modeling. 
	Analyses: Species gain, loss, turnover and richness in protected area. 
	Analyses: Representativity of protected areas. 
	Analyses: Extent of species range located in protected areas. 
	Statistics and reporting. 
	Data availability. 

	Acknowledgements
	Figure 1 Potential climate change impacts on biodiversity of protected areas of southern Quebec, Canada, for 2071–2100.
	Figure 2 Frequency distribution of modeled species richness in 1,749 protected areas of southern Quebec, Canada.
	Figure 3 Frequency distribution of potential representativity of 1,727 protected areas of southern Quebec, Canada.
	Figure 4 Number of species in each class of potential change in extent of species range located in protected areas.




