Changing terrestrial habitat connectivity within the
St. Lawrence Lowlands under scenarios of
climate and landcover change

Mont Yamaska 2007, Photo: Tingxian Li (Ministére de I'Environnement et de la Lutte contre les changements climatiques)



Changing terrestrial habitat connectivity within the St. Lawrence Lowlands
under scenarios of climate and landcover change

July 8, 2021

Bronwyn Rayfield!, Guillaume Larocque?3, Kyle T. Martins?®, Valentin Lucet?, Colin Daniel!, and

Andrew Gonzalez?3#

!Apex Resource Management Solutions Ltd.
2Biology Department, McGill University
3Quebec Centre for Biodiversity Science

“Habitat

Acknowledgements

This work was carried out with the financial support of the Ministéere de I'Environnement et de
la Lutte contre les changements climatiques (MELCC) as part of the implementation of the Loi
concernant la conservation des milieux humides et hydriques. This project is made possible in
part thanks to the assistance provided by Calcul Québec (www.calculquebec.ca) and Compute
Canada (www.computecanada.ca). We thank Yan Boulanger, Junior Tremblay, and Jesus

Pascual for sharing the LANDIS-II forest landscape model of southern Quebec and for their
support with model runs.



Table of Contents

1 EXECULIVE SUMIMATIY ittt ettt et et e et e ee e e ee e et et e e et e ee e e e e e e e e e e e e e et et e e e e e e e et e et eeeeeeeaeaeeeeeeeaeeeseeeeeaeeeneaens 4
P2 (314 7o Yo [V ot o o RO U PRV P PO PRROPRR 5
R 311 Lo Yo E T T OO PROPSPTVPOTOURPPPRRIOt 6
N O LV VAT Y YA o) Y o] o] e - o] o IO USRS 6
I (o 1V Y =T PSRN 6
3.3 DAt SOUICES .o iiiiiiiiiiee ettt et et s b et e e s b e e a e e s a e s et e e s a e e e s narae e e e 6
R I o To [ oF: [ o T=l ol g T-1 oV ={< RPN 8
3.5 Focal species habitat suitability and connectivity analyses.......cccccvvciieiiiiiee v, 11
3.6 Scenarios of land use and climate ChaNZE .....coccviiii i e 13
3.7 SIMUIGTION FUN PAFAMELELS ..eeiiiiiiieeccieee e ettt e e e e e e ste e e et e e e estteeeesabeeeeestaeesenstaeesasseeesensseneeennsenas 13
3.8 Conservation Prioritization ..o 14
Z RESUIES ..ttt ettt ettt et e b e s bt e e a et et e et e bt e b e e e bt e eh et et e e ke ekt e eheeeateea bt e bt e beeaneeeneeeateenrean 16
4.1 Projected 1and use and |and COVEN .......uuiiiiiiiii et sbee e s sebe e e s e nreeas 16
4.2 Projected species’” Nabitat. ... e e 18
4.3 Projected ecological connectivity for the St. Lawrence Lowlands.........cccoccveeieeciieeeecciieeeeeciiee e, 22
4.4 Connectivity conservation priorities accounting for future land use and climate change............... 26
5 Conclusions and RECOMMENALIONS ........eiviiiiiiiiiiierie ettt ettt st s ee et et e sbeesaee e 29
REFEIEINCES ...ttt sttt et b e s bt e st s e e bt e bt e s b e e s me e sat e et e e b e e b e e sanesaresre e neenes 31



List of Tables

Table 1. Characteristic traits and habitat preferences for the five focal species........................ 12
Table 2. Scenarios of LULC and climate change........ccccccveeeiiineeennns Error! Bookmark not defined.
Table 3. Change in mean ecological connectivity from 2010 t0 2110 ......ccoccvieeeeiiieeeecieee e, 23

List of Figures

Figure 1. WOrkflow di@gram ........oeo ettt e e e e s e e e e aae e e e enna e e e e e nneee s 7
Figure 2. Delimitation of the St. Lawrence LOWIands .........cceeeeieiiieeiiiiieee e 9
Figure 3. Land use and |and COVET Class.......uuriiiiiiiiiiciiiiieec et erar e e e 15
Figure 4. Probability of each forest and wetland cell being converted..........ccccceviveeeiiiiieeennnnne. 17
Figure 5. Proportion of the total landscape area in each land use and land cover class.............. 18
Figure 6. Probability of habitat Change..........oooviiiiiii e 19
Figure 7. Spatial properties of habitat.......c.cccoeeiiriioicc e 21
Figure 8. Example connectivity output for Northern short-tailed shrew..........ccccccveeeeiiineeennnee. 22
Figure 9. Expected change in ecological connectivity under the BAU_85 scenario..................... 24
Figure 10. Expected percent change in mean connectivity under the BAU_85 scenario ............ 26
Figure 11. Conservation priorities for natural areas in the St. Lawrence Lowlands..................... 27
Figure 12. Proportion of top 17% priority areas in each ecological district..........ccccceeeviiverennnnee. 28



1 Executive Summary

We have developed an integrated model combining land use and forest-change simulations,
regional climate projections, habitat connectivity analyses, and conservation prioritization. We
applied the model to forecast ecological connectivity over the coming century under a range of
land use and climate scenarios in the St. Lawrence Lowlands natural province in Quebec (30 000
km?). Our results shed light on the potential consequences of future land use and climate
change for forest and wetland-dependent biodiversity in this landscape based on habitat and
connectivity analyses for five representative focal species: the Northern short-tailed shrew,
American marten, Red-backed salamander, Wood frog, and Black bear. Our analyses have led
to five main conclusions:

1.

The main driver of habitat loss and fragmentation in our model was urbanization with
projected losses of 16% of forests and 8% of wetlands between 2010 and 2110 based on
a business-as-usual land use scenario. Small fragments of forest close to existing urban
areas were most vulnerable to being lost.

Ecological connectivity is expected to decline overall in the St. Lawrence Lowlands over
the course of the next century under the business-as-usual land use and RCP 8.5 climate
scenario. The extent of connectivity losses varies across focal species and across the
Lowlands ranging from 1% to 12%. Connectivity losses are associated with the decline
and fragmentation of suitable habitats, resulting primarily from urban expansion and
climate change.

Four of the five forest and wetland dependent focal species in our 100-year simulation
were more negatively impacted by land use change than climate change. Long-term
conservation of these species and the biodiversity that they represent will require a
reduction in land-conversion rates and a focus on habitat restoration to compensate for
ongoing habitat loss.

One of the five species, the American marten, had higher habitat loss and fragmentation
due to climate change than due to land use change over the simulated period. This
species’ response characterizes the response of other species with habitat niches that
are threatened by climate change.

Accounting for future scenarios of land use and climate change in conservation
prioritization strongly modified priority areas. Higher priority was assigned to natural
areas at high risk of being lost due to land use or climate change such as those close to
existing urban centers. Priority was also given to areas where habitat suitability and
connectivity importance are expected to increase under land use and climate change
such as the forest and wetland corridor between Trois-Rivieéres and Quebec City.



2 Introduction

Biodiversity is threatened by habitat loss and fragmentation which impedes the movement of
animals across landscapes. Protecting and restoring habitat quality and connectivity into the
future is critical but also challenging because of uncertainties regarding future climate and land
use change. Within the St. Lawrence Lowlands natural province in Quebec, forest habitats have
undergone significant loss and fragmentation due to urbanization and agricultural expansion.
As this trend continues, conserving connected networks of forest habitats will become
increasingly important for the persistence of forest-dependent biodiversity. Connectivity across
the Lowlands will also play an important role in allowing species to respond to climatic changes
in the region, as these changes are anticipated to require many species to shift their ranges
from the Appalachian to Laurentian mountain ranges. We expect positive outcomes for the
biodiversity of the St. Lawrence Lowlands when habitat patches and linkages are prioritized
based on their contribution to both present and future landscape connectivity.

The MELCC initiated a study in 2017 to examine the connectivity of terrestrial and aquatic
ecosystems of the St. Lawrence Lowlands, based on the connectivity conservation framework
presented by Albert et al. (2017). Terrestrial connectivity was assessed using a focal species
approach in which five focal species were selected as ecological profiles representing the
habitat and connectivity requirements of forest biodiversity within the St. Lawrence Lowlands
(Albert et al. 2017, Meurant et al. 2018): Northern short-tailed shrew (Blarina brevicauda),
American marten (Martes americana), Red-backed salamander (Plethodon cinereus), Wood frog
(Rana sylvatica), and Black bear (Ursus americanus). Phase 1 of the project undertook a
preliminary analysis of the quality and connectivity of forest habitat patches for the five focal
species in the Lowlands based on current (i.e. 2016) landcover (Rayfield et al. 2018). Phase 2
identified priority forest patches and landscape linkages for conservation in the Lowlands based
on their aggregate contribution to the quality and connectivity of forest habitats for the five
focal species, again based on current landcover (Rayfield et al. 2019).

In this project, Phase 3, we simulate landcover in the Lowlands into the future under various
scenarios of land use/land cover (LULC) and climate change to examine potential future habitat
guality and connectivity for the set of focal species. These landscape simulations allow us to
identify a robust set of conservation priorities in the St. Lawrence Lowlands that minimizes the
risk of habitat quality and connectivity loss under projected LULC and climate changes. This
report provides an overview of the simulation results of LULC and climate scenarios
summarized in terms of LULC, habitat suitability, habitat connectivity, and connectivity
conservation priorities.



3 Methods

3.1 Overview of Approach

We used a series of steps structured within a loop for landscape connectivity planning in
dynamic landscapes undergoing LULC and climate change (Figure 1). A LULC change model was
developed to project spatial patterns of LULC, including forest composition, into the future; this
model was driven by scenarios of LULC and climate change. LULC scenarios specified transition
rates among LULC classes: urban, agriculture, wetland, and forest. Regional climate scenarios
were selected to characterize a range of possible future forest compositions based on available
climate models and emission scenarios. The effects of LULC and climate scenarios were
assessed in terms of habitat suitability and connectivity for a set of representative focal species
(Table 1). Conservation priorities were assigned to habitat patches and linkages based on their
contribution to current and projected habitat suitability and connectivity for all focal species. In
this project, we implement a single loop of the complete workflow illustrated in Figure 1
starting with LULC and climate scenarios and ending with the identification of conservation
priorities.

3.2 Study Area

The study area includes the majority of the St. Lawrence Lowlands natural province in Quebec,
encompassing Montreal to the west and Quebec City to the east (Figure 2). It also includes a 60
km buffer around the St. Lawrence Lowlands within Quebec which was included to minimize
edge effects in connectivity analyses (Appendix Figure Al). Following Rayfield et al. (2019), the
western portion of the Lowlands encompassing the Ottawa Plain natural region is not included
in the study area. The total study area within the St. Lawrence Lowlands is 2,844,472 ha (28,445
km?).

3.3 Data sources

A table summarizing all data sources is provided in Appendix Table Al. All data were converted
to a resolution 90 x 90m resulting in 8,675,303 raster cells in the LULC simulation model
(3,512,921 within the St. Lawrence Lowlands and 5,162,382 within the buffer).

Land use and land cover

Historical LULC data were taken from the Agricultural and Agri-Food Canada Land Use database
for the years 1990, 2000 and 2010 (AAFC 2015). LULC rasters from the AAFC dataset cover the
entirety of the St. Lawrence Lowlands extent and buffer at a resolution of 30 x 30m (Appendix
Figure Al). The original mapped AAFC LULC classes were aggregated to a set of simplified LULC
classes (Appendix Table A2). These simplified classes were coarser than those used in Phase 2
(Rayfield et al. 2019). For example, forest compositional classes (deciduous, mixed, and
coniferous) were grouped into a single forest class. Notably, certain natural areas were classed
as urban in the AAFC dataset and were not included in the analysis, such as forested parks on
the Island of Montreal (e.g., le Parc du Mont-Royal).
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Figure 1. Workflow diagram for landscape connectivity planning in dynamic landscapes
undergoing LULC and climate change. Conservation priorities are derived through a series of
steps structured as an iterative loop; software/scripts are listed next to each step. LULC and
climate scenarios drive models of land use and forest compositional change which are in turn
combined to produce projections of future LULC. Projected LULC maps are the basis of species-
specific habitat suitability and connectivity analyses for a set of representative focal species.
Spatial conservation priorities are identified that balance the habitat suitability and multi-scale
connectivity requirements across all focal species while accounting for habitat vulnerability to
LULC change and suitability under future climate scenarios. Resulting maps of conservation
priorities can be combined with LULC scenarios to drive the land use model and repeat the loop
to test the effectiveness of the conservation priorities at maintaining habitat quality and

connectivity.



Road data were obtained as lines from Addresses Québec as line features (MERN 2018). Major
roads were rasterized to 90 x 90m resolution, ensuring that road contiguity was maintained,
and superimposed over the AAFC 2010 LULC map. Road cells were static; they did not transition
to other LULC classes during LULC simulations.

Forest age and composition

Forest age and composition corresponding to the year 2010 were obtained from SIEF 3rd
decennial forest inventory (MFFP 2011). Forest composition and age were assigned to each
forest cell in the 2010 AAFC LULC raster based on a spatial overlap.

Administrative and ecological boundaries

Regional county municipality boundaries were obtained from Données Québec (MERN 2019;
Appendix Figure A2). Ecological boundaries were obtained from the “Cadre écologique de
référence du Québec (CERQ)” (DEB 2018; Figure 2), which ranked as follows from the broadest
to the smallest scale: the natural province (Lv. 1), the natural region (Lv. 2), the physiographic
region (Lv. 3) and the ecological district (Lv. 4). The St. Lawrence Lowlands correspond to the
broadest geographic scale in the analysis, that of the natural province.

Protected areas

Protected area data were obtained from the “Registre des aires protégées au Québec” (MELCC
2019) and the “Répertoire des milieux naturels protégés en terres privées” (RMN 2019;
Appendix Figure A3).

Focal species

Focal species data including maximum dispersal ability (Table 1), habitat suitability parameters
(Appendix Table A3), landscape resistance parameters (Appendix Table A4), and minimum
habitat patch size (Table 1) were obtained from previously published values (in Albert el al.
2017, based on an exhaustive review of the scientific literature).

3.4 Landscape change
LULC change model overview

We modelled future landscape change as a function of historical LULC data to evaluate
potential impacts on habitat quality and ecological connectivity. We began by developing a
stochastic model focusing on two major sources of LULC change in the region: agricultural
expansion and urbanization. Agricultural expansion occurs when forest or wetland (treed or
open) pixels become agriculture. Urbanization occurs when forest, wetland (treed or open), or
agriculture become urban (See Appendix Table A2 for a description of LULC classes and their
correspondence with those used by Rayfield et al. 2019). LULC transition rates were calculated
using geospatial data from AAFC (2015) at the scale of each of the 68 regional county
municipalities (MERN 2017; Appendix Figure A2) within the study area extent. We tested model
performance by comparing simulated transition rates with observed LULC patterns in the
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context of eastern North America, as well as (B) natural regions, (C) physiographic regions and
ecological districts. Fig. 2B highlights the location of major cities within the study area.



historical LULC data (1990-2010). We then took transition rates calculated from 2000-2010 and
projected them over the 100-year time horizon (2010-2110) for the Lowlands and buffer area.

We made several assumptions when developing the LULC model. For instance, the model
presumes that the loss of natural areas (i.e., forests and wetlands) occurs at a constant rate
from agricultural intensification and urbanization. Moreover, that urban and agricultural land
spreads out radially from existing parts of the landscape with the same LULC type. Cells
neighbouring existing urban or agricultural cells were given a higher probability of transition to
urban or agriculture, respectively. We also presumed that natural areas defined as being
protected today will remain as such into the future. We prevented all forest and wetland cells
within contemporary protected areas from transitioning into either agriculture or urban.
Delimitations of currently protected areas were taken from (MELCC 2018).

Effects of climate change on forest composition

In comparison to the range of the species chosen for this analysis, the extent of the St.
Lawrence Lowlands is relatively small. We expect that at the scale of the study, our focal
species will not experience strong range shifts driven directly by changes in temperature or
precipitation due to climate change (Albert et al. 2017). Instead, we hypothesize that
modifications in the areas occupied by animals will be driven by changes in the distribution of
suitable habitats in response to climate change and land use change pressures. Since the most
important driver of habitat suitability for our target species is the presence, type, and density of
forests, we are focusing our analysis on forest distribution modeling in response to climate
change.

The LANDIS-II forest landscape model (http://www.landis-ii.org/) is a state-of-the-art modeling
tool that simulates forest change as a function of forest growth and succession, disturbances,
and forest management. Climate and climate change affect processes throughout the model.
The team lead by Yan Boulanger at Natural Resources Canada has been using LANDIS-II for
various projects involving forest change modeling in Quebec and Canada (Boulanger et al. 2017,
2018, 2019). They recently developed a model that targets specifically Southern Québec
(Boulanger and Puigdevall 2021). Their analysis, conducted at a resolution of 250 meters,
models the distribution of 11 target tree species in response to climate change, succession
dynamics, soil types, as well as disturbances driven by wind, fire and spruce budworm
epidemics, for the 2000—2200 period. Their approach uses one baseline and two different
climate change scenarios, known as Representative Concentration Pathways (RCP; van Vuuren
et al. 2011), namely RCP 4.5 and RCP 8.5. These represent greenhouse gases emissions
scenarios that correspond to different levels of atmospheric CO2. Future climate projections for
2010-2100 for each RCP, as simulated by the Canadian Earth System Model version 2
(CanESM2; Arora and Boer 2010), were obtained from the World Climate Research Program
(WCRP) Climate Model Intercomparison Project Phase 5 (CMIP5) archive. Their analyses yield a
series of raster maps with estimates of biomass of each tree species at each time step and for
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each scenario. These can then be aggregated to obtain maps depicting the proportions of
deciduous, coniferous, and mixed tree species under each climate scenario.

With the collaboration of Yan Boulanger’s team, we adapted their approach to the St. Lawrence
Lowlands at a finer resolution of 90 meters. We ran 100 iterations of each climate scenario to
generate maps that represent deciduous, coniferous, and mixed tree species cover type, as well
as wood biomass for 2030, 2050, 2070, 2090, and 2110. The LANDIS-II forest-change model was
used to estimate the transition probabilities between different forest cover classes under each
climate scenario. Probabilities of forest pixels transitioning among deciduous, mixed, and
coniferous compositional classes were specified by forest age group (young, medium, old; Table
1), by terrain type (Boulanger et al. 2019), and by 20-year timestep for each climate scenario.
Integrating the land use and forest-change simulations in this way meant that the amount and
spatial arrangement of forest was driven by LULC change and the composition of forest cells
was driven by climate change.

3.5 Focal species habitat suitability and connectivity analyses

Habitat suitability models were used to assess the habitat requirements of each species
according to different environmental factors (e.g., land cover, forest type and age; Table 1,
Appendix Table A3) following Albert et al. (2017) and Rayfield et al. (2019). Based on these
habitat suitability maps, we delineated habitat patches by grouping contiguous habitat pixels
larger than the minimum patch size requirements of each focal species (Table 1). Species-
specific resistance values were assigned to each LULC class, for each focal species, to model its
permeability to that species’ movement (Appendix Table A4). More details on the exact
methods used to generate habitat suitability, patch, and resistance maps can be found in Albert
et al (2017) and Rayfield et al. (2019).

Habitat models used in this project were simplified from those used in the previous Phase 2 to
be able to assess habitat for all focal species, Monte Carlo realizations, timesteps, and
scenarios. The main difference is that habitat models in Phase 2 included spatial multipliers to
reduce the suitability of some habitat pixels based on spatial considerations such as distance to
roads or distance to forest edge.

Habitat connectivity was assessed using circuit analysis for each focal species based on the
species-specific resistance maps following Rayfield et al. (2019). This analysis measures the
traversability of the landscape according to the conductance of each pixel (McRae et al. 2008).
Conductance is given by the inverse of resistance. We calculated the connectivity value of each
cell based on the flow (i.e., density) of current through the landscape. We used a "wall-to-wall",
single-tile circuit analysis which produces an omnidirectional (in all directions) current density
map. We ran all circuit connectivity analyses using Circuitscape (Julia 1.4 Circuitscape; McRae et
al. 2009 Anantharaman, 2020).
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Table 1. Characteristic traits and habitat preferences for the five focal species. Habitat preferences (indicated by an X) and habitat
patch characteristics were used to model focal species’ habitat in the St. Lawrence Lowlands (adapted from Albert et al. 2017)

Max Forest Forest L.
. . . N Minimum
L Longevity dispersal composition® age ]
Common name Scientific name Order . Wetland | patch size
(years) distance (m)
D | M| C M (ha)
Northern short- .
-~ Blarina brevicauda | Insectivora 1,5 459 X X X 1
tailed shrew
American . .
it Martes americana Carnivora 7,0 46659 X X X 150
marten
Red-backed Plethodon
em . Caudata 20,0 16 X X X 0,27
salamander cinereus
£ Wood frog Rana sylvatica Anura 3,5 564 X X X X X 0,5
M Black bear Ursus americanus Carnivora 12,5 55088 X X X X X 1200

aAbbreviations: D, Deciduous; M, Mixed deciduous and coniferous; C, Coniferous.

PAbbreviations: Y, Young (0-29 years); M, Medium (30-59 years); O, Old (60+ years).
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The circuit connectivity analyses in this project are one of several connectivity analyses
conducted in Phase 2. Other connectivity analyses in Phase 2 included network-based
connectivity analyses to identify habitat patches important for both short- and long-range
connectivity. Multiple connectivity analyses were not feasible in this project in which we were
assessing connectivity for all focal species, simulation model realizations (Monte Carlo
realizations), timesteps, and scenarios.

3.6 Scenarios of land use and climate change

We ran 6 scenarios, crossing two LULC change scenarios with 3 climate change scenarios (Table
2). The LULC change scenarios were: 1) No change from initial 2010 LULC and 2) Business-as-
usual LULC changes between 2000 — 2010 are carried forward into the future. The climate
scenarios were: 1) No change from 2010 climate; 2) RCP 4.5 - Representative Concentration
Pathway 4.5; and RCP 8.5 - Representative Concentration Pathway 8.5. In addition to these 6
scenarios, we also ran a conservation scenario where 26% of the Lowland area was protected
from development (Appendix Section 2. Additional Connectivity Results). Protected areas were
derived from the St. Lawrence Lowlands Atlas multi-criteria priority areas (Jobin et al. 2019).
The effects of this scenario on ecological connectivity were compared to the business-as-usual
scenario.

Table 2. Scenarios of LULC and climate change. Scenario IDs will be used to distinguish scenarios
in the results section.

Scenario ID | LULC Scenario Climate scenario | Description

NC_NC No change (NC) No change (NC) Reference no change scenario

NC_45 No change (NC) RCP 4.5 (45) RCP 4.5 climate change alone
- No change (NC) RCP 8.5 (85) RCP 8.5 climate change alone

BAU_NC Business-as-usual (BAU) | No change (NC) BAU LULC change alone

BAU 45 Business-as-usual (BAU) | RCP 4.5 (45) Intermediate change scenario
- Business-as-usual (BAU) | RCP 8.5 (85) Extreme change scenario

3.7 Simulation run parameters

All simulations were run for 100 years (2010 — 2110) with 40 Monte Carlo realizations
(iterations). Landscape change was modelled using an annual timestep and habitat suitability,
connectivity, and conservation priorities were evaluated every 20 years. All simulations were
run at a spatial resolution of 90 x 90m. All LULC simulations and habitat analyses were
generated using ST-Sim (version 3.2.15) and ST-Connect (version 1.1.1) packages running under
SyncroSim software (version 2.2.10).
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3.8 Conservation prioritization

We ran a conservation prioritization to synthesize the results of the habitat and connectivity
analyses across species, timesteps, and scenarios. We produced a spatial prioritization
assessment for the conservation of the St. Lawrence Lowlands forest and wetlands, accounting
for habitat suitability and connectivity at present and in the future under scenarios of LULC and
climate change. The prioritization was based on the scenarios of extreme LULC change
independent of climate change (BAU_NC) and extreme climate change independent of LULC
change (NC_85). We compared the change (difference) in habitat suitability and habitat
connectivity at the pixel-level between 2010 and 2110 for each focal species. The interpretation
of 2110-2010 difference maps depends on the driver of change, land use or climate. All areas
with changes to habitat suitability or current density due to land use are considered high
priority. In this case, those areas are either important at present but expected to lose value due
to LULC patterns, or they are not important at present but expected to gain value due to LULC
patterns. In contrast, changes in habitat suitability and connectivity associated with climate
change are not all high priority. Areas of high habitat suitability and connectivity value under
current climate conditions that are expected to lose value due to climate change are of lower
priority. Whereas areas that are currently of low importance but which are expected to
increase in importance under climate change are of high priority. We used the decision support
software Zonation v4 (Moilanen 2014, Moilanen 2011, Moilanen 2005) with an additive rule
and Zonation parameters as used in Phase 2 (Rayfield et al. 2019). Protected areas in the
Lowlands were considered as a mask layer and necessarily appear in the upper fraction of the
priorities. We weighted current and future habitat suitability and connectivity maps equally for
each of the focal species.
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Figure 3. Land use and land cover class of each cell in 2010 at the start of the simulation (for all realizations) and in 2110 at the end
of the simulation (for a single realization) of the BAU_85 scenario. The results shown here are a scenario projection for land use and
land cover in the St. Lawrence Lowlands, and not a prediction of the likely future state.
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4 Results

Here, we present an overview of results for all six combinations of LULC and climate scenarios.
We focus on the most extreme of these six scenarios - the BAU LULC change and RCP 8.5
climate change scenario (BAU_85) — and its consequences for ecological connectivity.
Additional results are provided in Appendix Section 2. Additional Connectivity Results. The LULC
results presented here are scenario projections for the St. Lawrence Lowlands, and should not
be considered predictions of the likely future state of the landscape.

4.1 Projected land use and land cover

The state of the landscape in 2110 resulting from the BAU_85 scenario is illustrated for a single
Monte Carlo realization in Figure 3. This scenario represents BAU assumptions about LULC
change which affect the amount and spatial arrangement of forests and wetland and RCP 8.5
assumptions about climate change which affects forest composition. There is a substantial
increase in urban areas in this scenario, most notably around existing urban centers: Montreal,
Trois-Rivieres, and Quebec City. The spatial pattern of urbanization emerges from the BAU
urbanization rates and adjacency rules that increase the probability of urbanization near
existing urban areas (Figure 3). Coniferous forests are largely replaced by mixed and deciduous
forests in this scenario, most notably in the northern half of the Lowlands — the Middle St.
Lawrence Plain (Figure 2). The composition of forest is primarily driven by climate, forest
succession, and historic rates of forest management.

Figures 4 and 5 summarize the effects of BAU LULC change on the future state of the landscape
independent of climate change (scenario BAU_NC). Figure 4 shows the probability of each
forest or wetland cell being converted to either urban or agriculture under a 100-year
simulation of the BAU LULC change. Probability of conversion is highest for forests and
wetlands adjacent to existing urban areas, particularly the large urban centres of Montreal,
Trois-Riviéres, and Quebec City (Figure 4). This results in an uneven distribution of forests and
wetland conversion across the ecological districts (Lv. 4) within the St. Lawrence Lowlands
(Figure 5). Those ecological districts adjacent to or encompassing urban centres have the
highest mean probability of conversion of forests and wetlands. Under a BAU LULC scenario, we
observe projected losses of forest (-16%), wetland (-8%), and agricultural areas (-10%) between
2010 and 2110 within the St. Lawrence Lowlands as a whole (Figure 4). We observe a
corresponding increase in urban areas (+34%; Figure 5).
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Figure 4. Probability of each forest and wetland cell being converted to agriculture or urban at the end of the 100-year simulation for

the BAU_NC scenario, as calculated from 40 Monte Carlo realizations.
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Figure 5. Proportion of the total landscape area in A) anthropogenic and B) natural land use and
land cover classes each year, as projected by the BAU_NC and NC_NC scenarios for the entire
St. Lawrence Lowlands. Solid lines indicate the mean and error bars indicate the 95% Monte
Carlo confidence interval over 40 Monte Carlo realizations. Note that error bars are too small to
be visible. C) Probability of forests and wetlands being converted to agriculture or urban per
ecological district at the end of the 100-year simulation for the BAU_NC scenario, as calculated
from 40 Monte Carlo realizations.

4.2 Projected species’ habitat

Projections of species’ habitat reflect both changes in the amount and location of natural areas
driven by LULC change as well as changes in forest composition driven primarily by climate
change. Figure 6 shows ecological district summaries of habitat for all focal species under the
BAU_85 scenario. Habitat probability was calculated at the cell-level as the likelihood that the
cell belongs to a habitat patch for any of the five focal species. In 2110, habitat probability was
calculated across the 40 Monte Carlo realizations.

There is general agreement among areas of highest habitat probability in 2010 and in 2110
under the BAU_85 scenario. These areas of high habitat probability for the five focal species are
in the foothills of the Adirondacks in the south and in the large complex of forest and wetlands
between Trois-Rivieres and Quebec City in the north. In general, the agricultural lands in the
Montérégie have lower habitat probability for all focal species in both 2010 and 2110 the under
BAU_85 scenario.

We observe a decrease in habitat probability in ecological districts that are projected to have
high rates of conversion of natural areas to urban. Habitat probability decreases for almost all
ecological districts surrounding Montreal, particularly to the north and west. Habitat probability
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also decreases in ecological districts surrounding Quebec City, particularly to the north, east,
and south. Habitat probability remains relatively high in the Adirondack foothills, the natural
areas between Trois-Rivieres and Quebec City, and around St. Hyacinthe.
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Figure 6. Habitat probability summarized across all focal species and all Monte Carlo
realizations in 2010 and 2110 under the BAU_85 scenario. The change map shows the
difference in habitat probability under the BAU_85 scenario between 2010 and 2110. The
degree of change was categorized into three classes according to the distribution of mean
differences across ecological districts: Increase (>75% quantile in mean difference), No change
(25-75% quantiles), and Decrease (<25% quantile). Results are mapped within ecological
districts.

The habitat of each focal species has a unique response to changes in LULC; therefore, species-
level habitat results are presented for all six combinations of LULC and climate scenarios (Figure
7). Most habitat metrics for most focal species diverge over time across the difference LULC and
climate scenarios. The total area of habitat stays constant or decreases for all BAU LULC
scenarios for all species. In the NC LULC scenarios, the total area of habitat for the shrew,
marten, and salamander increases. These increases are observed for species with more narrow
habitat preferences based on forest composition or forest age. Habitat for the salamander
increases as forests become more mixed and deciduous (which occurs even under the NC
climate scenarios) while habitat for the shrew and marten increases as forests get older over
the course of the 100-year simulation. Species with more generalized habitat preferences, the
frog and bear, lose habitat over time under the BAU LULC scenarios as natural areas are lost.
The number of habitat patches, mean patch area, and mean perimeter-area ratio provide a
picture of structural habitat for each focal species. For example, under BAU LULC scenarios,
habitat for the salamander and the frog becomes increasingly fragmented with more habitat
patches, smaller habitat patch area, and higher perimeter-area ratio indicating increased edge
effects. Results are similar for the bear.
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Most species are more sensitive to LULC change than to climate change across scenario
combinations, except for the marten. For example, for the shrew, the total habitat area,
number of patches, and mean habitat patch area are more negatively affected by the LULC
scenario than the climate scenario. For the marten, the total habitat area and mean habitat
patch area are more affected by the climate scenario than the LULC scenario. Total habitat area
decreases initially but then recovers to initial levels below the NC climate scenarios. Both total
habitat area and mean patch size decrease more under the extreme climate scenarios RCP 4.5
and RCP 8.5. This is expected as the marten prefers coniferous forests which decrease in
coverage over time under the RCP 4.5 and RCP 8.5 scenarios.
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Figure 7. Spatial properties of habitat for all focal species under different land use and climate
scenarios.
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Figure 8. Example connectivity output for Northern short-tailed shrew in 2010 at the start of
the simulation (for all realizations) and in 2110 at the end of the simulation (average results
taken across realizations) of the BAU_85 scenario.

4.3 Projected ecological connectivity for the St. Lawrence Lowlands

When assessing connectivity patterns through time, we focused on relative changes in current
density from the initial timestep (2010) to each subsequent timestep (2030, 2050, 2070, 2090,
2110). Additional tabular and graphical summaries of connectivity results are found in the
Appendix.

Models indicate that ecological connectivity is likely to decline overall by 1- 6% over the course
of the next century for the St. Lawrence Lowlands (Table 3). However, connectivity losses are
not evenly distributed across the extent and connectivity gains are expected for some areas.

Connectivity losses are associated with a decline and fragmentation in suitable habitats,
resulting from urban expansion and, to a lesser degree, agricultural intensification. Connectivity
gains result from a combination of two processes, depending on the scenario considered: 1)
rechannelling connectivity pathways through remaining faunal corridors as surrounding
habitats are lost, 2) increasing suitable habitat as per changes in forest composition brought on
by climate change. Across scenarios and iterations, land use change had a greater impact in
driving projected connectivity patterns through time than climate change alone but the
combined effect of both generally resulted in the highest connectivity losses (Table 3).
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Table 3. Change in mean ecological connectivity from 2010 to 2110 for each of the two natural
regions (Lv. 2) in the BTSL, as well as at the scale of the entire BTSL. Data are summarized for six
LULC and climate change scenarios and for five focal species. Values are expressed as the

percent change in mean current density from the beginning to the end of the time series. The
greatest absolute value per species and ecological reference is bolded.

CERQ unit Scenario N.shrew A.marten R.salamander W. frog B. bear
NC_NC  -0.39 -1.58 -0.43 0 0
NC_45 -1.23 -1.36 -1.05 0 0
St. Lawrence _ -1.28 -1.06 -1.14 0 0
Lowlands BAU_NC -5.02 -5.23 -4.71 -4.97 -4.33
BAU_45 -5.74 -4.93 -5.25 -4.98 -4.33
BEAREEN .5 -4.73 -5.31 -4.96 -4.31
NC_NC 1.77 -0.02 0.82 0 0
NC_45 0.91 -1.31 0.22 0 0
Middle St. BNEREE 1.07 -5.03 0.36 0 0
Lawrence Plain BAU_NC 1.44 -0.56 0.90 -0.75 -1.07
BAU_45 0.67 -1.60 0.34 -0.74 -1.02
BEAUREEN o.52 -5.15 0.5 -0.72 -1.02
NC_NC -2.42 -3.25 -1.65 0 0
NC 45  -3.24 -1.42 -2.28 0 0
Upper St. Lawrence [INCRGOIN -3.5 3.21 -2.58 0 0
Plain BAU_NC -11.09  -10.24 -10.12 -9.08 -8.21
BAU_45 -11.75  -8.51 -10.65 9.1 -8.27
DEAUREEN -1203 428 -10.93 9.1 -8.22
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Figure 9. Expected change in ecological connectivity under the BAU_85 scenario between 2010
and 2110 for each of the focal species. Anticipated changes were categorized into three classes
according to the distribution of mean differences across ecological districts: Increase (>75%
guantile in mean difference), No change (25-75% quantiles), and Decrease (<25% quantile).
Results are mapped within ecological districts.

4.3.1 Regional patterns

Projected connectivity losses are foremost concentrated in the Upper St. Lawrence Plain (Table
3) and associated with the expansion of existing urban centres, including (ordered by
contemporary census data): the Montreal Metropolitan Community, the Quebec Metropolitan
Community, Trois-Rivieres, Drummondville, Shawinigan and Victoriaville. Urbanization spreads
out radially from urban cores, leading to habitat loss, fragmentation of ecological corridors and
declines in connectivity (Figure 8). Physiographic regions (Lv. 3; Figure 2) expected to undergo
the greatest relative losses in connectivity by 2110 in the BAU_85 scenario, depending on the
species considered, include: the Saint-Benoit-Montreal plain (11-23% decline), the Joliette plain
(10-20% decline), the Cap-Rouge-Beaupré terrace (-14 to -19% change), the St-Jean-
Beauharnois plain (-3 to -13%) and the Verchéres - Lanoraie - Lac Saint-Pierre plain (-2 to -12%).

As connectivity decreases in landscapes surrounding cities, the relative importance of
remaining faunal corridors increases (Figure 9). Our models were not parameterized in such a
way to predict a bridging of disparate habitat patches in these areas through reforestation or
natural regeneration. The relative increase in connectivity results primarily from the
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rechannelling of animal dispersal in our network analysis. Connectivity pathways that are lost to
land use change are redirected towards pathways that remain.

One such faunal corridors that increases in relative importance for connectivity by 2110 spans
natural areas between Trois-Rivieres and the Quebec Metropolitan Community (Figure 8, 9).
Contemporary forest cover and landscape connectivity is high, while little habitat loss is
expected for this area given its low population density. Greater animal dispersal is likely to be
rechanneled through this faunal corridor as cities expand to the west (Trois-Rivieres,
Shawinigan, Drummondbville and the Montreal Metropolitan Community) and east (Quebec
Metropolitan Community). Under the BAU_85 scenario, physiographic regions (Lv.3; Figure 2)
within this corridor that are expected to have the greatest increase in mean connectivity for all
species except the marten include: the Saint-Raymond - Pont-Rouge terrace (5% increase for
the shrew and salamander), the Lotbiniere platform (3% increase for the shrew and
salamander) and the Manseau-Saint-Gilles plains (2% increase for the shrew). Additional
physiographic regions expected to increase in relative connectivity value in the BAU_85
scenario elsewhere in the Lowlands include the Islet terrace, in part due to the rechannelling of
connectivity pathways towards unsettled northern regions in our simulations.

For some species (e.g. the shrew and the salamander), climate change is expected to result in
gains in connectivity for physiographic regions to the north of the BTSL (Table 3; Figure 10),
specifically those in the Middle Saint-Lawrence Plain. Forest composition is expected to
transition from coniferous to mixed and deciduous in this area and to increase in age, favouring
particular species and opening up new connectivity pathways (Appendix Section 2. Additional
Connectivity Results).

Finally, intermediate levels of change are expected for physiographic regions located in sparsely
populated agricultural regions (e.g. Saint-Hyacinthe plain) currently with low levels of forest
cover, as little urban expansion is expected for these areas (Figure 10). Little change is
anticipated for the ecological district (Lv.4) coinciding with the island of Montreal; the island is
already largely developed and of the forests that remain, few are at risk of urban expansion in
our models.
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Figure 10. Expected percent change in mean connectivity under the BAU_85 scenario between
2010 and 2110 for each of the focal species. Differences were calculated with respect to the
mean connectivity in 2010 and summarized within level 3 physiographic regions.

4.3.2 Species patterns

Overall gains and losses in connectivity per physiographic region (Lv. 3) were consistent across
species and scenarios, except for the American marten. Some variation in connectivity across
species was observed at the level of individual ecological districts (Lv. 4). Similar patterns in
ecological connectivity for the shrew, salamander, frog, and bear are likely driven by a shared
preference for deciduous forests, and the loss of these forests over time. The American marten,
however, is distinct in its preference for coniferous forests and shows a unique response to the
shifting distribution of this forest type because of climate change. This is corroborated by
scenarios with no land use change and either intermediate (NC_45) or high (NC_85) levels of
climate change (Table 3; Appendix Section 3).

4.4 Connectivity conservation priorities accounting for future land use and climate change
We used information about projected changes in habitat suitability and connectivity to update
connectivity conservation priorities based on the current landscape. Priority areas are located
in regions where there are projected losses in high quality habitat and connectivity under BAU
land use and RCP 8.5 climate change (Figure 11). Areas surrounding the Montreal Metropolitan
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Figure 11. Conservation priorities for natural areas in the St. Lawrence Lowlands, based on the quality of habitat patches and
connectivity criteria derived from present land use and future scenarios of land use and climate change, for our five target species.
The colors representing the priorities have been modified by linear interpolation.



Community, Trois-Rivieres, and the Quebec Metropolitan Community were at high risk of being
urbanized and received higher conservation priority. Areas were also prioritized if they were
expected to increase in habitat suitability or connectivity value. The corridor of wetland and
forest habitat located between Trois-Rivieres and Quebec City is high priority as it is expected
to increase in connectivity importance as alternate movement corridors are lost due to land use
change (Figure 11).

We compared the distribution of the top 17% priority areas (based on target 11 of the Aichi
biodiversity targets) for connectivity conservation between the analyses based only on current
(Phase 1) and projected (current analysis) landscape conditions (Figure 12). Priority areas were
more evenly spread across the Lowlands in the analysis based on current landscape conditions.
Priority areas were more concentrated where the probability of urbanization was high and
where connectivity importance was expected to increase over time in the analysis based on
future landscape conditions. These two prioritizations are complementary planning tools that
can be used to guide land use decisions. Assessments of connectivity conservation priorities
based only on present data allow for more detailed analyses including multiple scales of
connectivity and higher resolution land use data. Assessments of connectivity conservation
priorities that account for projected future changes provide invaluable information about the
vulnerability and future value of habitats but computation limits require simplified connectivity
analyses at coarser resolutions.

Conservation priorities
based on current
conditions

Conservation priorities
based on current and
future conditions

Proportion of high priority areas

0 25 50 75km
L S —

Figure 12. Proportion of top 17% priority areas in each ecological district based on a
conservation prioritization using detailed information about current land use and climate (left)
and a conservation prioritization that accounts for both current and projected future land use
and climate scenarios (right).
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5 Conclusions and Recommendations

We have developed an integrated model for forecasting ecological connectivity under scenarios
of future land use and climate change. This model combines land-use and forest-change
simulations, regional climate projections, multi-species habitat connectivity analyses, and
conservation prioritization. We applied the model at the scale of the St. Lawrence Lowlands (30
000 km2) to forecast ecological connectivity 100 years into the future under a BAU land use and
a range of climate scenarios. These scenarios were selected to serve as a baseline against which
other land management scenarios can be compared.

Results from these baseline scenarios provide important insights into the effects of land use
and climate change on ecological connectivity. First, the main driver of habitat loss and
fragmentation under BAU simulations was urbanization with projected losses of 16% of forests
and 8% of wetlands between 2010 and 2110. Small fragments of forest close to existing urban
areas were most vulnerable to being developed. Second, ecological connectivity declined
overall in the St. Lawrence Lowlands during the BAU and RCP 8.5 scenario. The extent of
connectivity losses varied between 1% and 12% depending on the focal species and the
ecological district within the Lowlands. Connectivity losses were primarily associated with a
reduction in suitable habitat area due to urban expansion and climate change. Four of the focal
species —the Northern short-tailed shrew, the Red-backed salamander, the Wood frog, and the
Black bear — were more negatively impacted by land use change than climate change during the
simulations. Long-term conservation of these species and the biodiversity that they represent
will require a reduction in land-conversion rates and a focus on habitat restoration to
compensate for ongoing habitat loss. One focal species — the American marten — had higher
habitat loss and fragmentation due to climate change than due to land use change over the
simulated period. This species response characterizes the response of other species with
habitat niches that are threatened by climate change. Third, accounting for future scenarios of
land use and climate change in conservation prioritization strongly modified priority areas.
Higher priority was assigned to natural areas at high risk of being lost due to land use or climate
change such as those close to existing urban centers. Priority was also given to areas where
habitat suitability and connectivity importance are expected to increase under land-use and
climate change such as the forest and wetland corridor between Trois-Rivieres and Quebec
City.

Our integrated model for ecological connectivity forecasting provides a baseline model to which
we can add additional detail to any of the sub-models, such as refinements to the land use and
climate models or additional environmental factors in species habitat suitability models. Adding
agricultural and urban intensity classes to the land use model could better represent the
potential effects of these LULC classes on species habitat and connectivity. Some focal species
are more sensitive to agricultural intensification or are able to use fallow lands for some of their
habitat needs. There may also be trade-offs in terms of ecological connectivity between
urbanization that is more intense (higher density) over a restricted spatial extent and low
intensity urbanization over a larger area. Land-use zoning is another parameter that can be
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added into the LULC simulation model to further constrain the pattern of development based
on current or future restrictions.

Results highlight the importance of coordinating urban development and landscape
conservation efforts across the extent of the St. Lawrence Lowlands, as natural area loss in one
area has system-wide impacts on regional connectivity. Urban development plans and
conservation targets set at the scale of metropolitan areas (e.g. le Plan métropolitain
d’aménagement et développement (PMAD) de Québec, le PMAD de Montréal) do not
necessarily capture the connectivity requirements of species that are likely to disperse across
the extent in the short or long term. We showed that habitat loss in the Greater Montreal Area
is likely to increase the relative importance of remaining faunal corridors passing between
Trois-Riviere and Quebec City, with few other migratory channels still available at the end of
the timeseries. Region wide conservation plans, such as that devised by Jobin et al. (2019), help
secure the representativity of critical habitats for biodiversity at broad spatial scales. Our
methods can be used to test the efficacy of system-wide conservation planning efforts when
faced with the global drivers of environmental change, be it land use or climate change.

The next step is to conduct stakeholder workshops to develop alternative land use scenarios for
the St. Lawrence Lowlands. Scenarios could be developed to reflect stakeholder knowledge of
the landscape and stakeholder priorities. These additional scenario analyses will allow us to
further refine conservation priorities, in light of future ecological connectivity. This will help us
achieve the goal of creating a multispecies habitat network for the St. Lawrence Lowlands that
is robust to climate and land use change.
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