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Abstract

At its northern range limit, climate change is increasing the uncertainty about the persistence of sugar maple (Acer saccharum). To inform
climate adaptation strategies, we developed a high-resolution species distribution model using a Random Forest algorithm to identify
currently suitable habitats, determine their primary environmental drivers, and project future shifts. The model, based on 3664 ground
plots and built with fine-scale (20 m) topographic, soil, and climate data, demonstrated high predictive accuracy (76.4%) when tested
against a spatially independent dataset (AUC = 0.868). Habitat suitability was found to be co-limited by topographically controlled moisture
(topographic wetness index), soil fertility (cation exchange capacity), winter temperature stress (mean coldest month temperature), and
wind exposition. Under a near-future climate scenario (SSP3-7.0, 2021-2040), we project a net increase in suitable habitat, with gains
(~16%) significantly outweighing losses (~3%). Crucially, these gains are not uniform but form a complex spatial mosaic, highlighting where
boreal-dominated landscapes are predicted to become suitable for this key temperate species. This provides a foundational roadmap for
land managers to proactively establish climate-resilient forests, offering a significant opportunity to guide actions like assisted migration

to the most promising sites.
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Introduction

Climate change is forcing tree species to migrate towards higher lati-
tudes and elevations to track suitable climatic conditions, but natural
migration rates are often insufficient to keep pace with the velocity of
climate change (Pearson 2006, Aitken et al. 2008). As forests become
increasingly vulnerable to multiple stressors such as droughts, fires,
and pest outbreaks (Boulanger et al. 2016, Flatley and Fulé 2016,
Lecina-Diaz et al. 2021), the implementation of proactive, adaptive
management strategies is critical to maintain their health and ecosys-
tem services (Szmyt 2020, Achim et al. 2022). Such strategies, which
may include measures like assisted migration, require a detailed
understanding of the factors that control a species’ habitat suitability.

To support these decisions, species distribution models (SDMs) are
powerful tools for estimating habitat suitability across landscapes
and under future climate scenarios (Elith and Leathwick 2009). Mod-
ern SDM strategies correlate species occurrence records with spa-
tially explicit environmental variables to model the species’ response
curves, thereby estimating the probability of occurrence (Valavi et al.
2022). However, broad-scale models that rely heavily on climatic
variables often overlook the fine-scale biotic and abiotic factors that

can ultimately determine whether a species can establish and thrive
at a specific site (Aratjo and Luoto 2007, Bucharova 2017).

At the operational scale where most silvicultural decisions are
made, a more detailed understanding of the processes governing
species distributions is crucial. Historically, the refinement of SDM
predictions was constrained by structural limitations in predictor
resolution, accuracy, and ecological representativeness (Guisan and
Zimmermann 2000). This paradigm shifted with the emergence of
high-resolution terrain data from airborne laser scanning (ALS),
which offers unprecedented capacity to generate ecologically
meaningful environmental proxies (Guillaume et al. 2021). Climate
variables were typically downscaled from sparse weather stations
networks using models calibrated with coarse-resolution digital
elevation models (DEM), thereby increasing spatial uncertainty (Chen
et al. 2014, Keller et al. 2022). Soil parameters, when included
and if available, were frequently derived from limited sampling
and interpolated across heterogeneous landscapes, introducing
uncertainty given the inherently heterogeneous and discontinuous
distribution of edaphic properties (Kravchenko 2003, Shen et al.
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2019). In addition, elevation-derived topographic variables were
often computed from low-resolution DEMs, restricting their ability
to represent fine-scale terrain-driven ecological processes (Sgrensen
and Seibert 2007, Camathias et al. 2013). Fine-scale topographic and
edaphic gradients regulate tree species’ local establishment, growth,
and vulnerability to stress (Carteron et al. 2020, Carnicer et al. 2021).
Including such variables among predictors in SDMs is therefore
essential, as they capture the complex interactions between a species
and its local environment (Park and Talbot 2018).

Sugar maple (Acer saccharum Marshall), an economically and eco-
logically important species in North America (Hassegawa et al. 2018,
Voyer et al. 2024), is expected to shift its range northwards in response
to climate change (McKenney et al. 2007, Iverson et al. 2008). It
is a shade-tolerant species that can establish a persistent “seedling
bank,” i.e. a dense layer of suppressed juvenile trees capable of sur-
viving for decades before rapidly responding to canopy disturbances
(Marks and Gardescu 1998). For sugar maple, various earlier studies
have shown that topography acts as a mechanistic proxy for vari-
ous environmental variables including soil moisture redistribution,
base cation availability, and disturbance exposure. Within the core
of the species’ geographic range, upper slope positions and weath-
ered soils depleted in base cations have been associated with the
observed decline over the past decades (Horsley et al. 2000, 2002,
Boakye et al. 2023). In contrast, mid- to lower-slope positions often
provide more favorable conditions, as water flowpaths redistribute
weathering products and nutrients toward the rooting zone (Horsley
et al. 2000, 2002). Slope orientation and topographic exposure further
influence spatial aggregation and the species dominance patterns
through microclimatic differences; under highly exposed xeric con-
ditions, more drought-tolerant species such as oaks (Quercus L. spp.)
tend to dominate, whereas sugar maple is more competitive in mesic
and sheltered positions (Nigh et al. 1985, Murphy and McCarthy 2012).
Even at the micro-site level, microtopography (e.g. hills versus pits)
creates hydrologic refugia that dictate fine-root development and
drought resilience in temperate hardwoods (Tauc et al. 2020). Other
species exhibit similar topographic dependencies; eastern hemlock
(Tsuga canadensis (L.) Carriere) shows strong sensitivity to slope gra-
dients and aspects to avoid drought stress (Robin-Abbott and Pardo
2017), while American beech (Fagus grandifolia Ehrh) often parti-
tions habitats with sugar maple along fine-scale variations in soil
moisture and elevation (Nolet and Kneeshaw 2018, Tourville et al.
2023).

At its northern range limit in Quebec, Canada, sugar maple
occupies a distinct environmental niche, typically found on elevated
hilltops and well-drained, mesic slopes (Graignic et al. 2018), where
topographic controls remain an important factor despite becoming
less pronounced toward the species’ core range (Drohan et al. 2002,
Pitel and Yanai 2014). This preference for elevated sites is thought
to be associated with the avoidance of cold air damage and fire
(Leithead et al. 2010, Pilon and Payette 2015, Graignic et al. 2018).
In contrast, valleys at these latitudes are generally dominated by
more cold-adapted boreal conifers (Goldblum and Rigg 2002). Because
these ecological constraints operate at such fine spatial scales, accu-
rately representing terrain-driven microclimatic variation becomes
essential for modeling habitat suitability (Questad et al. 2014). High-
accuracy DEMs allow the extraction of terrain metrics such as slope
position, aspect, curvature, topographic wetness indices, and microto-
pographic variability at spatial resolutions consistent with stand-level
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ecological processes (Coops et al. 2021, Ahmadi et al. 2023). Integrating
these high-resolution terrain proxies into SDM frameworks enables a
mechanistic representation of the topographic controls that shape
sugar maple distribution at its range limit. In this context, the
approach presented here moves beyond climate-dominated models
by linking species ecology to fine-scale environmental structure,
thereby bridging macroecological projections and operational
silviculture.

While previous research has aimed to support the implementation
of assisted migration (Etterson et al. 2020, Clark et al. 2022, Palik et al.
2022), comprehensive fine-scale characterizations of sites suitable for
prioritizing such interventions remains limited (Wotherspoon et al.
2025). Given the strong terrain dependence of sugar maple at its
northern range limit, identifying priority sites requires integrating
high-resolution environmental proxies that reflect microclimatic and
edaphic constraints. By examining the responses of sugar maple to a
range of abiotic factors at a fine spatial resolution, using field-based
inventory sample plots (400 m%) combined with LiDAR-derived terrain
metrics, we can gain a better understanding of the species’ ecological
requirements and propose spatially explicit, climate-informed man-
agement strategies. Therefore, this study aimed to: (i) develop and
validate a fine-resolution SDM to identify sites currently suitable for
sugar maple at its northernmost range limit; (i) identify the main
environmental factors driving this suitability; and (iii) project and
analyze climate-induced shifts in habitat to inform conservation and
management planning.

Study area

The study was conducted within the Ecological Planning Unit (EPU)
1415 North and Centre North, a 12 466 km? region in southern Quebec,
Canada (Fig. 1). EPUs are foundational territorial units established for
Quebec’s forest resource inventory (FRI). They integrate both admin-
istrative (e.g. forest region) and ecological boundaries to provide a
basis for planning inventory activities and guiding forest management
(MRNF 2022).

The selected EPU is situated at the transition between the temperate
deciduous and boreal forest biomes and lies within the balsam fir
(Abies balsamea (L.) Mill.)—yellow birch (Betula alleghaniensis Britton)
bioclimatic domain (Saucier et al. 2009). It was specifically chosen
because it encompasses the northernmost distribution limit of sugar
maple, providing a naturallaboratory to study the factors constraining
its range (Graignic et al. 2014, Sittaro et al. 2017).

The region’s geography is characterized by moderately rugged ter-
rain, with elevations generally ranging from 350 to 450 m. The land-
scape is dominated by surface deposits of thick glacial till and fre-
quent rocky outcrops. The climate is continental, with a mean annual
temperature of ~2.5°C and a growing season of 160-170 days. Mean
annual precipitation ranges from 1000 to 1100 mm (Saucier et al.
2009).

The vegetation is characteristic of the temperate-boreal ecotone.
Mesic sites on well-drained soils are typically dominated by mixed
stands of sugar maple, yellow birch, and balsam fir. In contrast, well-
exposed hilltops and drier sites often support stands of white birch
(Betula papyrifera Marshall), balsam fir, or black spruce (Picea mariana
(Mill.) Britton, Sterns and Poggenb.), while valley bottoms and areas
with organic deposits are commonly occupied by conifers mixed with
sphagnum moss (Sphagnum spp.) and rough alder (Alnus incana (L.)
Moench) (Saucier et al. 2009).
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Figure 1 Conceptual diagram of the study area and methodological workflow.

Materials and methods

Our approach involved three main stages. First, we acquired and
processed spatial data for sugar maple presence-absence, along with a
suite of topographic, soil, and climatic predictor variables for the study
area (Section Data Sources and Processing). Second, we used this data
to train, validate, and test a Random Forest (RF) classification model to
identify currently suitable habitats and their environmental drivers
(Section Species Distribution Modeling). Finally, we used the trained
model to project habitat suitability under a future climate scenario
and analyzed the resulting spatial habitat shifts (Section Predicting
and Analyzing Habitat Shifts). All analyses were conducted using R
statistical software (version 4.5.0) (R Core Team 2026).

Data sources and processing

Sugar maple presence and absence data

We used sugar maple presence and absence in two stages of the
analysis. First, for model calibration, presence-absence data for sugar
maple were obtained from the Quebec FRI temporary inventory plots
(11.28-m radius) (MRNF 2023), which include all standing trees with
a minimum diameter at breast height of 9.1 cm, measured at 1.3 m
above ground. A plot was classified as having “presence” of sugar
maple when at least one individual was tallied, which equated to an
abundance greater than or equal to 25 stems per hectare.

Second, for the analysis of habitat shifts, a presence-absence data
raster layer was derived from the Quebec FRI maps (MRNF 2023).
These maps are generated using a k-Nearest Neighbors (k-NN) impu-
tation method at a 20-m resolution. High-resolution aerial imagery,
satellite data, and LiDAR data are used to derive continuous spec-
tral and structural predictor variables for each grid cell. The k-NN
algorithm then imputes detailed dendrometric attributes (e.g. stems

per hectare), such as stems per hectare, to each 20-m cell based on
the most statistically similar field plots, which are part of the fourth
decennial FRI, whose surveys started in 2011. A pixel was classified
as having “presence” of sugar maple when abundance was greater
than or equal to 25 stems per hectare. Although this layer represents a
model-derived output, it serves as a highly robust reference database
for sugar maple habitat shifts analysis because it is calibrated and
rigorously validated against an extensive network of terrestrial tem-
porary forest inventory sample plots. It should nonetheless be noted
that this shared model dependency introduces an additional source of
uncertainty in the habitat shift analysis, and results should therefore
be interpreted in terms of spatial structure and relative magnitude
rather than precise area estimates.

Predictor variables

We compiled a set of 42 potential predictor variables to characterize
the environmental conditions of the study area.

Topographic variables

Topographic variables were derived from a 1-m ALS-based DEM
(MRNF 2016), resampled to 20-m resolution. We used RSAGA [which
runs SAGA GIS software version 9.8.2 (Conrad et al. 2015) directly
from R] and terra packages in R to derive slope (SLOP), aspect (ASPEC),
topographic position index (TPI), topographic wetness index (TWI),
and terrain ruggedness index (TRI), among others (see Appendix SA,
Table A.1 for a complete list and sources).

Climate

Contemporary (1991-2020) and future (2021-2040) climate data were
derived using ClimateNA (Wang et al. 2016), based on an eight-GCM
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(general circulation model) ensemble recommended by Mahony et al.
(2022) for projections in Canada. This conservative modeling strat-
egy follows the guidance of Dietze et al. (2024) and Pecchi et al.
(2019) to minimize uncertainty in mid- to long-term forecasts. Rather
than imposing predefined thresholds of temperature or precipitation
change, we analyzed the full range of downscaled variables available
in ClimateNA, thereby avoiding assumptions about dominant climatic
drivers. A selected subset of annual and seasonal predictors, including
mean coldest month temperature (MCMT) and mean annual precipi-
tation (MAP), and others was used to characterize site conditions (see
Appendix SA, Table A.2 for a complete list).

Projections under SSP3-7.0, a plausible “business-as-usual” sce-
nario that excludes extreme fossil fuel reliance (IPCC 2023, Wother-
spoon et al. 2024), suggest a transition to a warmer and wetter climate
in the study area. By 2040, MCMT is expected to increase by 1.4-1.7°C,
MAP by 78-135 mm, and temperature difference (TD) to decrease
slightly (—=0.2 to —0.5°C), indicating milder winters, greater water
availability, and reduced annual thermal contrast.

Soil parameters

Soil variables were obtained from 100-m resolution digital soil maps
(Sylvain et al. 2022) available in “Données Québec” portal, and
included physical and chemical properties of the topsoil (0-5 cm),
such as cation exchange capacity (CEC), pH, and the proportion of silt,
sand, clay, and organic matter (see Appendix SA, Table A.3).

Species distribution modeling

To identify suitable habitats for sugar maple, we developed an SDM
using an RF algorithm (Breiman 2001) in classification mode, with
sugar maple presence-absence as the response variable. RF aggre-
gates votes across an ensemble of decision trees to produce a class
probability, which serves as a continuous index of habitat suitability.
This probability surface was then converted into a binary suitability
map by applying a threshold selected by maximizing the true skill
statistic (TSS) (Allouche et al. 2006). We followed a spatially explicit
workflow to (i) quantify the range of spatial dependence in the envi-
ronmental predictors relative to sugar maple presence-absence, (ii)
use this range to create spatially independent training and testing
datasets, and (iii) train and evaluate the SDM under spatial blocking.

First, we estimated the spatial autocorrelation range of the predictor
set considering the target response, sugar maple presence-absence,
and used the resulting distance, 8993 m, to define the spatial block
size. This block size was then used to generate spatially independent
holdout training (2896 sample plots) and test (768 sample plots) sets
(Valavi et al. 2019). The test set was withheld entirely from model
development and used solely for final performance evaluation.

Model training was then conducted using caret R package (Kuhn
2008) using the training set only, where the same 8993 m spatial
block size structured a five-fold spatial cross-validation to tune and
select the final model. During each fold, we applied a preprocessing
pipeline that (i) removed near-zero variance predictors, (ii) removed
correlated predictors when Pearson’s correlation >0.9, (iii) applied a
Yeo-Johnson transformation, and (iv) centered and scaled predictors.
At this stage, 22 predictors were excluded. In addition, within each of
the five spatial folds, class imbalance between presences and absences
was handled via down-sampling (Valavi et al. 2022).

While the preprocessing pipeline applied within each spatial fold
removed predictors with Pearson’s correlation >0.9, we additionally
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performed a global correlation filter, removing one variable from any
pair with a Pearson’s correlation >0.8 (Kuhn and Johnson 2013); at
this step, one more predictor was excluded. Following, we applied
Forward Feature Selection to the remaining predictors to remove
variables that did not meaningfully improve predictive performance,
using Kappa as the optimization criterion (Meyer et al. 2018). Once
the parsimonious predictor set was defined, we retrained the final
RF model in caret using the same preprocessing steps and the same
five-fold spatial blocking structure. Model performance metrics were
evaluated using predictions generated for the spatially independent
test dataset of 768 plots. We then evaluated the model residuals
using Moran’s I and LISA statistics (Anselin 1995). Finally, the opti-
mal threshold was selected by maximizing the TSS (Allouche et al.
2006). Additional information on the correlation structure among the
remaining predictor variables after all selection steps is provided in
Appendix SB, Fig. B.3.

Predicting and analyzing habitat shifts

To project changes in habitat suitability, we first generated three key
spatial datasets for our study area: (i) the observed presence—absence
raster, (ii) the predicted current habitat suitability raster from our
model, and (iii) a predicted future habitat suitability raster. The future
raster was generated by applying the final model to a suite of predictor
variables representing a near-term future climate scenario (SSP3-
7.0, 2021-2040), while keeping the soil and topographic variables
constant.

Using map algebra, we combined these three raster layers to quan-
tify and categorize habitat shifts. This was done in two ways:

1) Two-way analysis: a direct comparison between the predicted
current and predicted future suitability maps. This analysis
classified the landscape into four categories: “Gain” (unsuitable
becomes suitable), “Loss” (suitable becomes unsuitable), “Sta-
ble Suitable,” and “Stable Unsuitable.”

2) Three-way analysis: a more detailed analysis that also
incorporated the observed presence-absence data. This
three-way comparison classified the landscape into eight
interpretive categories. For areas where sugar maple is
currently absent, the categories were: (i) Stable Unsuitable,
where unoccupied habitat is currently unsuitable and is
predicted to remain unsuitable; (ii) Habitat Expansion, where
unoccupied, currently unsuitable habitat becomes suitable; (iii)
Stable Suitable, representing suitable but unoccupied habitat
(i.e. potential refugia); and (iv) Loss, where currently suitable
but unoccupied habitat becomes unsuitable. For areas where
sugar maple is currently present, the categories were: (v)
Core Habitat, where suitable habitat is occupied and remains
suitable; (vi) Habitat Retraction, where occupied suitable
habitat is predicted to be lost; (vii) Advance colonization,
where occupied but currently unsuitable sites are predicted
to become suitable; and (viii) Stable Unsuitable, representing
occupied sites where conditions are predicted as unsuitable
both currently and in the future.

To account for dispersal dynamics, we compared current and future
predictions under two bounding scenarios: no dispersal, where suit-
able habitat expansion is constrained to the currently occupied area,
and unlimited dispersal, where the species is assumed to be able to
access any newly suitable habitat grid cell. These scenarios define
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Table 1 Confusion matrix for the RF classification of suitable sugar maple
habitats. The evaluation was performed with independent data (n =768).

Verified Verified Total
presence absence
Presence prediction 112 166 278
Absence prediction 15 475 490
Total 127 641 768

the range of migration outcomes commonly explored in SDM-based
climate projections (McPeek and Holt 1992, Holt and Barfield 2001,
Aratjo and Luoto 2007). In this study, current habitat was defined at
the grid-cell level (20 x 20 m), where each cell predicted as suitable
under present climatic conditions, based on the selected probability
threshold, was classified as part of the current habitat extent. These
scenarios define the upper and lower bounds of potential range
expansion under climate change (Cousens et al. 2008).

Results
Current habitat suitability and model performance

The RF model demonstrated high predictive accuracy in identifying
currently suitable habitats for sugar maple. When evaluated against
an independent test set of 768 inventory plots, the model achieved an
area under the receiver operating characteristic curve (AUC) of 0.868,
an overall accuracy of 76.4%, a TSS of 0.62, an F1 score of 0.55, and a
Kappa of 0.42. The model showed a strong ability to correctly identify
presences (sensitivity =88.2%) and absences (specificity =74.1%);
however, the user’s accuracy for presences was considerably lower
(40.3%), indicating a tendency toward overprediction consistent
with the difference between observed (17%) and predicted (36%)
prevalence (Table 1). Internal validation metrics were consistent with
these results, with the final model having an Out-of-Bag (OOB) error
rate of 18% (see Appendix SB, Fig. B.1 for the receiver operating
characteristic (ROC) curve.

Both raw presence-absence data and the model residuals exhibited
significant positive spatial autocorrelation. Moran’s I for presence—
absence was 0.11 (P <.001), whereas residuals showed a stronger
spatial structure, with Moran’s I of 0.19 (P <.001). The LISA analysis,
performed for the entire dataset (3664 samples), revealed a marked
redistribution of spatial cluster types between observed presence and
model residuals, with High-High clusters increasing from 10% in the
raw data to 35% in the residuals. Low-Low clusters decreased from
29% to 11%, and Low-High clusters declined from 20% to 1%, while
Not Significant locations slightly decreased from 40% to 35% (see
Table B.1 and Fig. B.2 in Appendix SB for the spatial distribution of
LISA clusters both for observed presence and model residuals).

The final map of predicted current habitat suitability is presented
in Fig. 2A and B. The model predicted that suitable habitats are pre-
dominantly located in the southern portion of the study area, often
corresponding to well-drained, elevated terrain, while valleys and the
northernmost regions are largely predicted as unsuitable.

Drivers of habitat suitability
Variable importance

The analysis identified a combination of topographic, edaphic, and
climatic characteristics as the primary drivers of sugar maple habitat
suitability at its northern range limit. Based on the mean decrease in

Table 2 Variable importance metrics for the final eight predictors in the
RF model, ranked by variable importance.

Variable Importance Mean Mean
(%) decrease decrease

accuracy  Gini

Topographical wetness index 100 93.2 158.6

(TWI)

Cation exchange capacity 79 79.9 128.1

(CEQ)

Mean coldest month 67 67.7 70.8

temperature (MCMT)

Wind exposition 59 64.0 78.5

Organic matter 23 33.7 56.4

Mean annual precipitation 18 31.1 47.9

(MAP)

Temperature difference (TD)- 9 26.1 23.1

continentality

Direct insolation 0 16.4 47.2

Note: Variable importance of environmental and soil predictors: Importance values
are scaled to 100% for the most influential predictors. Accuracy decrease represents
the reduction in predictive accuracy when a variable is permuted, while Gini
decrease indicates the reduction in node impurity (a measure of how mixed the
classes are within a node of a decision tree) achieved when the variable is used for
splitting in RF trees.

accuracy, the four most influential variables (with relative variable
importance higher than 50%) were TWI, CEC, MCMT, and wind expo-
sition (Table 2).

Accumulated local effects of predictor variables

Accumulated local effects (ALEs) plots revealed how each predictor
influenced the predicted probability of sugar maple presence—
absence, highlighting nonlinear relationships and thresholds-like
responses across environmental gradients (Fig. 3). TWT, the most influ-
ential predictor, showed a nonlinear effect, with optimal suitability at
intermediate values and a sharp decline above 8. Soil fertility was
a key driver: cation exchange capacity had a positive effect with
values above 2.9 cmolc-kg=!, while organic matter values showed
positive effect within the range of 8% and 12%. Climate variables also
played a strong role. Mean coldest month temperature showed strong
negative response, with increasing negative effect on suitability as
temperatures fall below approximately —15°C. Similarly, temperature
difference (continentality) had its strongest negative impact below
36.7°C. Wind exposition was positively associated with suitability
for values above 1. Direct insolation also showed a nonlinear U-
shaped response, with maximum positive effects around 1300 and
1500 MJ-m~2.year—!, and minimum around 1400 MJ-m~2.year—1.

Projected shifts in habitat suitability

Under the SSP3-7.0 2021-2040 climate scenario, our model projected a
net increase in suitable habitat for sugar maple across the study area
(Fig. 2C). The landscape was predicted to undergo dynamic changes,
with gains in suitable habitat significantly outweighing losses.

A direct comparison of predicted current and future suitability
showed that 15.7% of the study area is projected to become newly suit-
able (Gain), while only 3.3% of the area is projected to become newly
unsuitable (Loss). Most of the landscape was expected to remain stable,
with 56.1% remaining unsuitable and 24.9% remaining suitable.

A more detailed analysis incorporating observed species presence
provides a nuanced view of these shifts (Fig. 4, see Appendix SB,
Table B.2 for representation in a table). The results indicated that the
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Figure 2 Visual summary of the habitat suitability modeling for sugar maple. Panel (A) shows the observed presence distribution of the species. Panel
(B) shows the habitat suitability predicted by the model for current climatic conditions. Panel (C) shows the habitat suitability predicted for the future
scenario (SSP3-7.0 2021-2040). Panel (D) synthesizes the projected changes, highlighting areas of habitat gain, loss, and stability.

largest single projected change is Habitat Expansion, where currently
unoccupied and unsuitable sites are predicted to become suitable,
accounting for 13.7% of the landscape. In contrast, Habitat Retraction,
where currently occupied and suitable sites were predicted to become
unsuitable, was projected for only 1.7% of the area.

A significant portion of the landscape (14.9%) was classified as
stable “Core Habitat” (sites that are currently occupied and predicted
to remain suitable). Furthermore, 10.0% of the study area was iden-
tified as “Stable Suitable,” i.e. suitable under both current and future
scenarios but lacks observed species presence. When combined with
the 51.1% of Stable Unsuitable sites, these results indicated that ~80%
of the landscape remains stable, either as persistently suitable or
persistently unsuitable.

Discussion
Current suitable habitat for sugar maple

Our model successfully identified currently suitable habitats for sugar
maple with a high degree of accuracy (AUC=0.868), confirming that

a combination of topographic, edaphic, and climatic factors can effec-
tively delineate the species’ niche at its northern range limit. The high
performance of the model, validated with a spatially independent
test set, provides confidence in the subsequent analyses of habitat
drivers and future shifts. We observed locations predicted as unsuit-
able despite isolated presence occurrences in FRI map and, con-
versely, some locations predicted as suitable where sugar maple was
not observed. This suggests that potentially suitable sites may exist
beyond current sugar maple presence in the studied landscape, offer-
ing opportunities for species introduction or colonization, although
this does not necessarily indicate expansion capability due to factors
such as dispersal ability, abundance of colonizing species, nature
of fragmented landscapes (Iverson et al. 2005), which were beyond
the scope of our study. Also, competition with other species may be
excluding sugar maple at some sites (Putnam and Reich 2017).

A key methodological insight was the persistence of significant
spatial autocorrelation in model residuals (Moran’s I=0.19, P <.001),
indicating that broad-scale patterns were largely explained by envi-
ronmental predictors, yet fine-scale variation remains influenced by
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Figure 3 Accumulated local effects plots for the eight predictor variables used in the final RF model. Each plot illustrates the marginal effect of a
single variable on the predicted probability of sugar maple presence. The y-axis represents the change in the predicted probability from the average
prediction. For continuous variables, a box plot of the variable's distribution is shown at the top, and a vertical dashed line indicates the median value.
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unmeasured factors, likely biotic interactions or micro-environmental
conditions (Park and Talbot 2018). LISA analysis corroborated this,
revealing local clusters of error that highlight the limits of purely
abiotic models in capturing species distribution complexity (Carteron
etal. 2020). Residual spatial autocorrelation is expected when spatially
structured environmental variables or biotic processes are not explic-
itly modeled, and cannot be entirely removed unless spatial terms as
coordinates are included in the model (Legendre and Legendre 2012,
Dale and Fortin 2014).

Drivers of habitat suitability at the northern range
limit
Our analysis revealed that sugar maple’s distribution at its northern
limit is not governed by a single dominant factor, but by a complex
interplay of climate, topography, and soil. The emergence of MCMT as
an important predictor aligns with the established ecological principle
that absolute winter minimums are a primary physiological constraint
at a species’ cold-range edge (Nguyen et al. 2019). However, the
influence of temperature extends far beyond broad climatic patterns.
The high importance of several topographic variables suggests they act
as mediators of the “effective temperature” and moisture conditions
experienced by individual trees. This can be best understood along
a habitat toposequence from hilltop to valley bottom. More broadly,
previous research demonstrates that sugar maple performance is
shaped by the interaction of winter climate, soil chemistry, and biotic
context. Snowpack insulation, soil base cation availability, and mycor-
rhizal associations have all been identified as key constraints near the

temperate-boreal boundary (Reinmann et al. 2019, Carteron et al.
2020, Tourville et al. 2023). Competitive dynamics with boreal species
and American beech can further influence establishment success
(St-Jean etal. 2021, Leduc et al. 2024). Our results align with this frame-
work but demonstrate that these constraints are spatially structured
along fine-scale terrain gradients.

At the upper end of this toposequence, on ridges and hilltops,
the model’s preference for sites with high wind exposition and low
TWI reflects a critical survival trade-off. High exposure is beneficial
because it prevents the pooling of damaging cold air, a major source of
mortality in valleys (Fisichelli et al. 2014, Macek et al. 2019). However,
this same wind exposure scours away snow. A thin snowpack offers
poor insulation against soil freezing but may also reduce damage
from subnivean rodents while increasing browsing risk from large
herbivores that can more easily access seedlings (Sanders-DeMott et al.
2018). The model’s selection of these sites suggests that, at the coldest
limits, avoiding lethal air temperatures in frost pockets is a more
critical survival filter than the complex pressures of herbivory and soil
freezing on exposed ridges.

Moving down to the mid-slopes, the balance of factors shifts. These
positions are sheltered enough to accumulate a deeper, more persis-
tent snowpack. This insulating layer is fundamentally important for
sugar maple survival, as it protects shallow roots from deep soil freez-
ing, a primary cause of fine root mortality and increased vulnerability
to stress (Reinmann et al. 2019). Finally, the model’s strong aversion to
sites with high TWI reflects the unsuitability of valley bottoms, which
suffer from both the accumulation of cold air and poorly drained,
physiologically stressful soils.
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Figure 4 Habitat shifts categorized by the observed presence and absence of sugar maple in the study area located in Quebec, Canada, expressed as a
percentage of the study area under the simulation scenario. Habitat shifts are classified into four categories: loss, stable unsuitable (retention), stable
suitable (retention), and gain. The observed presence and absence are represented by two vertical axes in the left part of the figure, which are the
origin of the 100% of the study area that is further subdivided. Changes in habitat suitability are described in terms of habitats remaining or becoming
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Looking forward, the stability of these topographically defined
microhabitats is threatened by the increasing frequency of extreme
weather events (Moreau et al. 2020). Warmer winters are projected
to lead to more frequent freeze-thaw cycles, which can cause sig-
nificant damage to fine roots even under an insulating snowpack
(Sanders-DeMott et al. 2018). An increase in late spring frosts follow-
ing an earlier leaf-out could also cause widespread canopy damage.
Therefore, even sites that are topographically favorable today may
become more vulnerable in the future due to these novel climatic
stresses.

Ultimately, this entire system of microclimatic trade-offs is built
upon a foundation of soil fertility. The consistent importance of CEC
and organic matter demonstrates that even a perfect topographic
position is insufficient if the underlying soil is too poor to support
the species’ growth (St Clair et al. 2008, Bal et al. 2015). While the
soil conditions in our study area are generally poorer than those in
the species’ core range (see Long et al. 2019), this likely reflects a
strategy of occupying the best “locally available” sites to withstand the
combined pressures of climate and competition. At its northern limit,
sugar maple is likely restricted to these locally optimal sites, allowing
it to persist in a landscape where it is otherwise at a competitive
disadvantage against boreal-adapted species (Collin et al. 2018). The
ideal habitat is therefore a site that occupies a specific niche in the
toposequence, one that balances the risks of cold air, soil freezing, and
herbivory, all while being located on one of the landscape’s limited
patches of sufficiently fertile soil.

Projected shifts in habitat suitability and management
implications

Our final objective was to project habitat shifts under a near-future
climate scenario. The model predicted a net increase in suitable habi-
tat of over 14% by 2040, with habitat gains (15.7%) far exceeding
losses (3.3%). This finding is consistent with broader continental-scale
models that predict a northward expansion of suitable habitat for
temperate species (Iverson et al. 2019, Prasad et al. 2020). However,
the key contribution of our fine-scale approach is revealing the spatial
complexity of this transition. The projected gains do not form a simple,
advancing front but rather a heterogeneous mosaic of new suitable
patches within the existing boreal landscape (Fig. 2D). This pattern
underscores that the projected transition is not a generalized or linear
northward shift, but a spatially complex process shaped by changes
in climatic conditions and modulated by persistent landscape features
such as topography and soil conditions.

The primary climatic driver of habitat gain appears to be the
projected increase in winter temperatures (AMCMT =+1.7°C), cou-
pled with a substantial increase in precipitation (AMAP =+136 mm)
in those areas. This combination alleviates the primary cold-stress
limitations while providing sufficient moisture to support growth. In
contrast, the small pockets of habitat loss (3.3%) are not occurring in
the warmest sites, but rather in locations that are currently the driest
(MAP <984 mm) and are projected to receive the smallest increase
in future precipitation relative to their temperature increase. This
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suggests that habitat loss is not driven by excessive heat, but rather
by increasing moisture deficits and drought stress (see Appendix SB,
Table B.3 for mean climate values by shift category).

This complex pattern of gains and losses presents a significant
management opportunity. The dynamics of overlapping boreal and
temperate habitats are expected to lead to transitions in forest types,
especially after disturbances (Fisichelli et al. 2014, Brice et al. 2020). By
identifying precisely where boreal sites are likely to become suitable
for sugar maple, our work provides a foundational roadmap for proac-
tive climate adaptation measures in forest management, as proposed
by Aquilué et al. (2020) and Fremout et al. (2020). Therefore, managers
can use these predictions to guide the establishment of future-adapted,
resilient forests that can continue to provide ecosystem services.

These findings have direct implications for guiding strategies like
assisted migration. The “Gain, Unoccupied” zones (13.7%) and the “Sta-
ble Suitable, Unoccupied” zones (10.0%) together represent over 24%
of the study area. These are the primary areas where management
actions can be targeted to accelerate the establishment of sugar maple,
a species well adapted to the prevailing temperate conditions at these
sites. Such a strategy may help prevent a potential “maladaptationlag,”
a process that typically unfolds over longer temporal scales, whereby
boreal species are no longer suited to the climate, but their temperate
successors have not yet colonized (Fisichelli et al. 2014, Brice et al.
2020). However, as maladaptation and species turnover operate over
decadal timescales, proactive interventions such as assisted migration
also require careful monitoring, as future climatic trajectories and
biotic interactions may influence long-term outcomes.

Our abiotic map may be seen as necessary first step towards over-
coming non-climatic barriers to sugar maple’s occurrence in the stud-
ied landscape. These include limited genetic variability in northern
populations, which can increase vulnerability to late frosts and pests
(Graignic et al. 2018, Gunter et al. 2000; Nolet and Kneeshaw 2018);
the strong dependence on specific mycorrhizal associations (Lankau
et al. 2015); biotic resistance from established boreal communities
(Carteron et al. 2020); and seed predation (Brown and Vellend 2014).
Therefore, our work opens the door for the next phase of research:
field trials and soil analyses within these predicted suitable zones
to understand and overcome these biotic constraints. Understanding
how sugar maple naturally expands (or fails to expand) within these
areas will also help clarify whether natural regeneration alone is suf-
ficient, or if silvicultural interventions are essential to match the pace
of habitat creation (Brown and Vellend 2014, Carteron et al. 2020).

Methodological considerations and model limitations

While our approach provides a robust assessment of sugar maple
habitat, it is important to acknowledge the limitations inherent in the
data and modeling process. The model’s tendency toward overpre-
diction, reflected in the lower user’s accuracy for presences (40.3%)
and the gap between observed (17%) and predicted (36%) prevalence,
is an expected outcome of two compounding methodological factors.
First, the down-sampling strategy applied within each spatial fold
calibrates the model toward equal class prevalence during train-
ing, which is known to inflate predicted prevalence when applied
to imbalanced real-world distributions (Valavi et al. 2022). Second,
TSS-based threshold optimization is mathematically equivalent to
the sensitivity—specificity sum maximizer criterion, which inherently
prioritizes sensitivity over precision, a behavior that is amplified
under low prevalence conditions (Jiménez-Valverde and Lobo 2007).

While this results in a higher rate of false positives, it minimizes
omission errors, which in conservation and management contexts
carry higher ecological costs than commission errors: failing to iden-
tify a suitable site represents a missed opportunity for intervention,
whereas a false positive simply warrants field verification (Fielding
and Bell 1997, Jiménez-Valverde and Lobo 2007). In a context where
the primary goal is to identify candidate sites for assisted migration,
this tradeoff is therefore considered acceptable and methodologically
defensible.

Beyond the modeling strategy itself, the quality of the input data also
introduces uncertainty. The soil and climate predictor variables were
not direct measurements at every site but were derived from models.
The soil maps are based on spatial interpolations from field surveys,
and the climate data are downscaled from models of weather station
data. Therefore, the relationships identified by our model, particularly
for soil properties, should be interpreted as strong ecological trends
rather than precise quantitative thresholds (Walthert and Meier 2017).
In contrast, a key strength of our study is that the topographic variables
were derived from high-resolution LiDAR data, providing a fine-
scale, accurate measurement of the landscape features that strongly
influence microclimate.

A central challenge in this study was addressing spatial autocor-
relation. Although environmental predictors explained most of the
spatial variance, significant residual spatial clustering persisted in
the model’s residuals. In ecological systems, such residual structure
is expected, as not all spatially structured drivers or biotic processes
can be measured or included (Legendre and Legendre 2012, Dale
and Fortin 2014). We addressed this by implementing spatial blocking
to ensure independence between training and testing data, thereby
reducing inflation of model performance metrics. Residual spatial
autocorrelation should, therefore, be interpreted as reflecting unmea-
sured fine-scale processes rather than a methodological flaw.

Finally, our model is correlative and does not explicitly simulate
key ecological processes. This is particularly relevant to interpret-
ing the observed mismatch between predicted suitable habitat and
species presence. Biotic interactions (Dormann et al. 2018), such as
competition from established boreal species or the presence of spe-
cific mycorrhizal partners, were not included but are known to be
critical for establishment (Carteron et al. 2020, Chamard et al. 2024).
The model also does not account for dispersal dynamics, meaning it
predicts where habitat is suitable, not whether the species can reach it.
Lastly, the model is calibrated for the environmental conditions at the
northern range limit; the identified relationships may not be directly
transferable to the core of the species’ range where different factors
may be limiting. Despite these limitations, the model provides a robust
and spatially explicit assessment of abiotic habitat suitability, which is
a first step for guiding targeted management decisions and framing
the next generation of research questions on biotic interactions.

Conclusion

In this study, we successfully modeled and mapped suitable habitat
for sugar maple at its northern range limit, identifying the key climatic,
edaphic, and topographic factors that govern its distribution. The local
expansion of sugar maple habitat appears to follow a topographic
gradient, with suitability highest on hilltops and gradually decreas-
ing toward valleys. Our findings reveal that habitat suitability is co-
limited by winter temperature, soil fertility, and topographically medi-
ated moisture. Projections indicate that climate change will create a
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significant amount of new suitable habitat, not as a uniform wave, but
as a complex spatial mosaic within the boreal landscape. This fine-
scale prediction of where temperate species may persist or expand
presents a clear opportunity for proactive management. Our work
provides a spatially explicit tool for practitioners to guide the estab-
lishment of climate-resilient forests through targeted actions such as
assisted migration, while highlighting the critical need for further
research into the biotic factors that will mediate these transitions.

Acknowledgements

We are very thankful to the anonymous reviewers that deeply verified
our work and helped to improve the quality of the present manuscript.
We also thank David Voyer, Sébastien Dumont, Guillaume Moreau,
Catherine Chagnon, Florence Leduc, Christopher Mulverhill, Hamid
Ghanbari, and Jean-Romain Roussel for the meaningful conversations,
insights, and exchanges. We also thank the Quebec’s Ministry of
Natural Resources and Forests, and all its contributors for the data
provided by “ForétOuverte” and “Données Québec” portals.

Author contributions

Jodo Paulo C. de Liz (Conceptualization, Formal analysis, Methodol-
ogy, Writing—original draft), Nelson Thiffault (Supervision, Writing—
review & editing), Nicholas C Coops (Supervision, Writing—review &
editing), Alexandre Morin-Bernard (Writing—review & editing), and
Alexis Achim (Conceptualization, Funding acquisition, Project admin-
istration, Supervision, Writing—review & editing).

Supplementary material
Supplementary material is available at Forestry: An International Jour-
nal of Forest Research online.
Conflicts of interest

None declared.

Funding

This study was funded by the NSERC Alliance project Silva21 (NSERC
ALLRP 556265-20 granted to A.A.).

Declaration of competing interest

The authors state that they have no financial interests or personal
relationships that could have influenced the work presented in this

paper.

Data availability

Raw data and R scripts are available at “https://github.com/metafor
-ulaval/Fine-Scale_Drivers_of Sugar Maple”

References

Achim A, Moreau G, Coops NC et al. The changing culture of silviculture.
Forestry 2022;95:143-52. https://doi.org/10.1093/forestry/cpab047
Ahmadi K, Mahmoodi S, Pal SC et al. Improving species distribution
models for dominant trees in climate data-poor forests using high-
resolution remote sensing. Ecol Model 2023;475:110190. https://doi.

org/10.1016/j.ecolmodel.2022.110190

Forestry: An International Journal of Forest Research, 2026, Vol. 99, Issue 4

Aitken SN, Yeaman S, Holliday JA et al. Adaptation, migration or extir-
pation: climate change outcomes for tree populations. Evol Appl
2008;1:95-111. https://doi.org/10.1111/].1752-4571.2007.00013.x

Allouche O, Tsoar A, Kadmon R. Assessing the accuracy of species dis-
tribution models: prevalence, kappa and the true skill statistic (TSS). |
Appl Ecol 2006;43:1223-32. https://doi.org/10.1111/j.1365-2664.2006.
01214.x

Anselin L. Local indicators of spatial association—LISA. Geogr Anal
1995;27:93-115. https://doi.org/10.1111/j.1538-4632.1995.th00338.x

Aquilué N, Filotas E, Craven D et al. Evaluating forest resilience to global
threats using functional response traits and network properties. Ecol
Appl 2020;30:e02095-14. https://doi.org/10.1002/eap.2095

Araujo MB, Luoto M. The importance of biotic interactions for
modelling species distributions under climate change. Glob Ecol
Biogeogr 2007;16:743-53. https://doi.org/10.1111/].1466-8238.2007.
00359.x

Bal TL, Storer AJ, Jurgensen MF et al. Nutrient stress predisposes and con-
tributes to sugar maple dieback across its northern range: a review.
Forestry 2015;88:64-83. https://doi.org/10.1093/forestry/cpu051

Boakye EA, Bergeron Y, Drobyshev I et al. Recent decline in sugar
maple (Acer Saccharum Marsh.) growth extends to the northern
parts of its distribution range in eastern Canada. For Ecol Manage
2023;545:121304. https://doi.org/10.1016/j.foreco.2023.121304

Boulanger Y, Gray DR, Cooke BJ et al. Model-specification uncertainty in
future forest pest outbreak. Glob Chang Biol 2016;22:1595-607. https://
doi.org/10.1111/gcb.13142

Breiman L. Random forests. Mach Learn 2001;45:5-32. https://doi.org/10.
1023/A:1010933404324

Brice MH, Vissault S, Vieira W et al. Moderate disturbances acceler-
ate forest transition dynamics under climate change in the tem-
perate-boreal ecotone of eastern North America. Glob Chang Biol
2020;26:4418-35. https://doi.org/10.1111/gch.15143

Brown CD, Vellend M. Non-climatic constraints on upper elevational
plant range expansion under climate change. Proc R Soc B Biol Sci
2014;281:20141779. https://doi.org/10.1098/rsph.2014.1779

Bucharova A. Assisted migration within species range ignores biotic
interactions and lacks evidence. Restor Ecol (111 RIVER ST, HOBOKEN
07030-5774, NJ USA 2017;25:14-8. https://doi.org/10.1111/rec.12457

Camathias L, Bergamini A, Kichler M et al High-resolution remote
sensing data improves models of species richness. Appl Veg Sci
2013;16:539-51. https://doi.org/10.1111/avsc.12028

Carnicer J, Vives-Ingla M, Blanquer L et al. Forest resilience to global
warming is strongly modulated by local-scale topographic, microcli-
matic and biotic conditions. J Ecol 2021;109:3322-39. https://doi.org/
10.1111/1365-2745.13752

Carteron A, Parasquive V, Blanchard F et al. Soil abiotic and biotic
properties constrain the establishment of a dominant temperate tree
into boreal forests. J Ecol 2020;108:931-44. https://doi.org/10.1111/
1365-2745.13326

Chamard ], Faticov M, Blanchet FG et al Interplay of biotic and abi-
otic factors shapes tree seedling growth and root-associated micro-
bial communities. Commun Biol 2024;7:360. https://doi.org/10.1038/
$42003-024-06042-7

Chen ], Zhang X], Brissette FP. Assessing scale effects for statisti-
cally downscaling precipitation with GPCC model. Int J Climatol
2014;34:708-27. https://doi.org/10.1002/joc.3717

Clark PW, D’Amato AW, Evans KS et al Ecological memory and
regional context influence performance of adaptation plantings in
Northeastern US temperate forests. J Appl Ecol 2022;59:314-29. https://
doi.org/10.1111/1365-2664.14056

Collin A, Messier C, Kembel SW et al. Can sugar maple establish into
the boreal forest? Insights from seedlings under various canopies

9z0z 1snbny 0| uo 1sanb Ag €098+ /8/S06edo//66/0101e/A1)S810)/W09 dNO-dIWapeoe//:sd)y Wolj papeojumoq


https://academic.oup.com/forestry/article-lookup/doi/10.1093/forestry/cpag054#supplementary-data
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://github.com/metafor-ulaval/Fine-Scale_Drivers_of_Sugar_Maple
https://doi.org/10.1093/forestry/cpab047
https://doi.org/10.1093/forestry/cpab047
https://doi.org/10.1093/forestry/cpab047
https://doi.org/10.1093/forestry/cpab047
https://doi.org/10.1093/forestry/cpab047
https://doi.org/10.1093/forestry/cpab047
https://doi.org/10.1093/forestry/cpab047
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1016/j.ecolmodel.2022.110190
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1752-4571.2007.00013.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1365-2664.2006.01214.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
https://doi.org/10.1002/eap.2095
https://doi.org/10.1002/eap.2095
https://doi.org/10.1002/eap.2095
https://doi.org/10.1002/eap.2095
https://doi.org/10.1002/eap.2095
https://doi.org/10.1002/eap.2095
https://doi.org/10.1002/eap.2095
https://doi.org/10.1111/j.1466-8238.2007.00359.x
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1093/forestry/cpu051
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1016/j.foreco.2023.121304
https://doi.org/10.1111/gcb.13142
https://doi.org/10.1111/gcb.13142
https://doi.org/10.1111/gcb.13142
https://doi.org/10.1111/gcb.13142
https://doi.org/10.1111/gcb.13142
https://doi.org/10.1111/gcb.13142
https://doi.org/10.1111/gcb.13142
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1111/gcb.15143
https://doi.org/10.1111/gcb.15143
https://doi.org/10.1111/gcb.15143
https://doi.org/10.1111/gcb.15143
https://doi.org/10.1111/gcb.15143
https://doi.org/10.1111/gcb.15143
https://doi.org/10.1111/gcb.15143
https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1098/rspb.2014.1779
https://doi.org/10.1111/rec.12457
https://doi.org/10.1111/rec.12457
https://doi.org/10.1111/rec.12457
https://doi.org/10.1111/rec.12457
https://doi.org/10.1111/rec.12457
https://doi.org/10.1111/rec.12457
https://doi.org/10.1111/rec.12457
https://doi.org/10.1111/avsc.12028
https://doi.org/10.1111/avsc.12028
https://doi.org/10.1111/avsc.12028
https://doi.org/10.1111/avsc.12028
https://doi.org/10.1111/avsc.12028
https://doi.org/10.1111/avsc.12028
https://doi.org/10.1111/avsc.12028
https://doi.org/10.1111/1365-2745.13752
https://doi.org/10.1111/1365-2745.13752
https://doi.org/10.1111/1365-2745.13752
https://doi.org/10.1111/1365-2745.13752
https://doi.org/10.1111/1365-2745.13752
https://doi.org/10.1111/1365-2745.13752
https://doi.org/10.1111/1365-2745.13752
https://doi.org/10.1111/1365-2745.13752
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1111/1365-2745.13326
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1038/s42003-024-06042-7
https://doi.org/10.1002/joc.3717
https://doi.org/10.1002/joc.3717
https://doi.org/10.1002/joc.3717
https://doi.org/10.1002/joc.3717
https://doi.org/10.1002/joc.3717
https://doi.org/10.1002/joc.3717
https://doi.org/10.1002/joc.3717
https://doi.org/10.1111/1365-2664.14056
https://doi.org/10.1111/1365-2664.14056
https://doi.org/10.1111/1365-2664.14056
https://doi.org/10.1111/1365-2664.14056
https://doi.org/10.1111/1365-2664.14056
https://doi.org/10.1111/1365-2664.14056
https://doi.org/10.1111/1365-2664.14056
https://doi.org/10.1111/1365-2664.14056

Forestry: An International Journal of Forest Research, 2026, Vol. 99, Issue 4 | 11

in southern Quebec. Ecosphere 2018;9:€02022. https://doi.org/10.1002/
ecs2.2022

Conrad O, Bechtel B, Bock M et al. System for automated geoscientific
analyses (SAGA) v. 2.1.4. Geosct Model Dev 2015;8:1991-2007. https:/
doi.org/10.5194/gmd-8-1991-2015

Coops NC, Tompalski P, Goodbody TRH et al. Modelling lidar-derived esti-
mates of forest attributes over space and time: a review of approaches
and future trends. Remote Sens Environ 2021;260:112477. https://doi.
org/10.1016/].RSE.2021.112477

Cousens R, Dytham C, Law R. Dispersal in Plants: A Population Perspective.
1st edition, Oxford University Press, Oxford, UK. 2008. https://doi.org/
10.1093/acprof:0s0/9780199299126.001.0001

Dale MRT, Fortin M-]. Spatial Analysis: A Guide for Ecologists. Second
edition. Cambridge University Press, Cambridge; New York, 2014.
https://doi.org/10.1017/CBO9780511978913

Dietze M, White EP, Abeyta A et al. Near-term ecological forecasting for
climate change action. Nat Clim Change 2024;14:1236-44. https://doi.
0rg/10.1038/s41558-024-02182-0

Dormann CF, Bobrowski M, Dehling DM et al Biotic interactions in
species distribution modelling: 10 questions to guide interpretation
and avoid false conclusions. Glob Ecol Biogeogr 2018;27:1004-16.
https://doi.org/10.1111/geb.12759

Drohan PJ, Stout SL, Petersen GW. Sugar maple (Acer Saccharum
Marsh.) decline during 197941989 in northern Pennsylvania. For
Ecol Manage 2002;170:1-17. https://doi.org/10.1016/S0378-1127(01)
00688-0

Elith ], Leathwick JR. Species distribution models: ecological expla-
nation and prediction across space and time. Annu Rev Ecol Evol
Syst 2009;40:677-97. https://doi.org/10.1146/annurev.ecolsys.110308.
120159

Etterson JR, Cornett MW, White MA et al Assisted migration across
fixed seed zones detects adaptation lags in two major north Amer-
ican tree species. Ecol Appl (111 RIVER ST, HOBOKEN 07030-5774,
NJ USA 2020;30:€02092-20. https://doi.org/10.1002/eap.2092

Fielding AH, Bell JF. Areview of methods for the assessment of prediction
errors in conservation presence/absence models. Environ Conserv
1997;24:38-49. https://doi.org/10.1017/S0376892997000088

Fisichelli NA, Frelich LE, Reich PB. Temperate tree expansion into
adjacent boreal forest patches facilitated by warmer temperatures.
Ecography 2014;37:152-61. https://doi.org/10.1111/j.1600-0587.2013.
00197.x

Flatley WT, Fulé PZ. Are historical fire regimes compatible with future
climate? Implications for forest restoration. Ecosphere 2016;7: e01471.
https://doi.org/10.1002/ecs2.1471

Fremout T, Thomas E, Gaisberger H et al. Mapping tree species vulnera-
bility to multiple threats as a guide to restoration and conservation of
tropical dry forests. Glob Chang Biol 2020;26:3552-68. https://doi.org/
10.1111/gch.15028

Goldblum D, Rigg LS. Physical geography age structure and regeneration
dynamics of sugar maple at the deciduous/boreal forest ecotone,
Ontario, Canada. Phys Geogr 2002;23:115-29. https://doi.org/10.2747/
0272-3646.23.2.115

Graignic NN, Tremblay F, Bergeron Y. Influence of northern limit
range on genetic diversity and structure in a widespread north
American tree, sugar maple (Acer Saccharum Marshall). Ecol Evol
2018;8:2766-80. https://doi.org/10.1002/ece3.3906

Graignic N, Tremblay F, Bergeron Y. Geographical variation in
reproductive capacity of sugar maple (Acer saccharum Marshall)
northern peripheral populations. | Biogeography;2013;41:145-157.
Portico. https://doi.org/10.1111/jbi.12187

Guillaume AS, Leempoel K, Rochat E et al. Multiscale very high resolution
topographic models in Alpine ecology: pros and cons of airborne lidar

and drone-based stereo-photogrammetry technologies. Remote Sens
2021;13:1-18. https://doi.org/10.3390/rs13081588

Guisan A, Zimmermann NE. Predictive habitat distribution models in
ecology. Ecol Model 2000;135:147-86. https://doi.org/10.1016/S0304
-3800(00)00354-9

Gunter LEEE, Tuskan GA, Gunderson CA et al. Genetic variation and
spatial structure in sugar maple (Acer Saccharum Marsh.) and impli-
cations for predicted global-scale environmental change. Glob Chang
Biol 2000;6:335-44. https://doi.org/10.1046/j.1365-2486.2000.00313.x

Hassegawa M, Gélinas N, Beaudoin D et al. Assessing the potential impact
of a biorefinery product from sawmill residues on the profitability of
a hardwood value chain. Can ] For Res 2018;48:857-68. https://dol.org/
10.1139/cjfr-2017-0457

Holt RD, Barfield M. On the relationship between the ideal free dis-
tribution and the evolution of dispersal. In: Dispersal. Edited by J.
Clobert, E. Danchin, A.A. Dhondt, and J.D. Nichols. Oxford University
Press, Oxford, 2001. https://doi.org/10.1093/0s0/9780198506607.003.
0006

Horsley SB, Long RP, Bailey SW et al. Factors associated with the decline
disease of sugar maple on the Allegheny plateau. Can | For Res
2000;30:1365-78. https://doi.org/10.1139/x00-057

Horsley SB, Long RP, Bailey SW et al. Health of eastern north American
sugar maple forests and factors affecting decline. North | Appl For
2002;19:34-44. https://doi.org/10.1093/njaf/19.1.34

Intergovernmental Panel on Climate Change (IPCC). Climate Change 2021
— The Physical Science Basis: Working Group I Contribution to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, 2023. https://doi.org/10.1017/
9781009157896

Iverson LR, Peters MP, Prasad AM et al. Analysis of climate change
impacts on tree species of the eastern US: results of DISTRIB-II Mod-
eling. Forests 2019;10:302. https://doi.org/10.3390/f10040302

Iverson LR, Prasad AM, Matthews SN et al. Estimating potential habitat
for 134 eastern US tree species under six climate scenarios. For
Ecol Manage 2008;254:390-406. https://doi.org/10.1016/j.foreco.2007.
07.023

Iverson LR, Prasad AM, Schwartz MW. Predicting potential changes in
suitable habitat and distribution by 2100 for tree species of the eastern
United States. | Agric Meteorol 2005;61:29-37. https://doi.org/10.2480/
agrmet.61.29

Jiménez-Valverde A, Lobo JM. Threshold criteria for conversion of prob-
ability of species presence to either-or presence—absence. Acta Oecol
2007;31:361-9. https://doi.org/10.1016/j.actao.2007.02.001

Keller AA, Garner KL, Rao N et al. Downscaling approaches of climate
change projections for watershed modeling: review of theoretical
and practical considerations. PLOS Water 2022;1:e0000046. https:/
doi.org/10.1371/journal.pwat.0000046

Kravchenko AN. Influence of spatial structure on accuracy of interpo-
lation methods. Soil Sci Soc Am | 2003;67:1564-71. https://doi.org/10.
2136/s552j2003.1564

Kuhn M. Building predictive models in R using the caret package. J Stat
Softw 2008;28:1-26. https://doi.org/10.18637/jss.v028.105

Kuhn M, Johnson K. Applied Predictive Modeling, Springer
Science+Business Media, New York, 2013. https://doi.org/10.1007/978
-1-4614-6849-3

Lankau RA, Zhu K, Ordonez A. Mycorrhizal strategies of tree species
correlate with trailing range edge responses to current and past
climate change. Ecology 2015;96:1451-8. https://doi.org/10.1890/14
-2419.1

Lecina-Diaz ], Martinez-Vilalta ], Alvarez A et al. Characterizing forest
vulnerability and risk to climate-change hazards. Front Ecol Environ
2021;19:126-33. https://doi.org/10.1002/fee.2278

9z0z 1snbny 0| uo 1sanb Ag €098+ /8/S06edo//66/0101e/A1)S810)/W09 dNO-dIWapeoe//:sd)y Wolj papeojumoq


https://doi.org/10.1002/ecs2.2022
https://doi.org/10.1002/ecs2.2022
https://doi.org/10.1002/ecs2.2022
https://doi.org/10.1002/ecs2.2022
https://doi.org/10.1002/ecs2.2022
https://doi.org/10.1002/ecs2.2022
https://doi.org/10.1002/ecs2.2022
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1016/J.RSE.2021.112477
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1093/acprof:oso/9780199299126.001.0001
https://doi.org/10.1017/CBO9780511978913
https://doi.org/10.1017/CBO9780511978913
https://doi.org/10.1017/CBO9780511978913
https://doi.org/10.1017/CBO9780511978913
https://doi.org/10.1017/CBO9780511978913
https://doi.org/10.1017/CBO9780511978913
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1038/s41558-024-02182-0
https://doi.org/10.1111/geb.12759
https://doi.org/10.1111/geb.12759
https://doi.org/10.1111/geb.12759
https://doi.org/10.1111/geb.12759
https://doi.org/10.1111/geb.12759
https://doi.org/10.1111/geb.12759
https://doi.org/10.1111/geb.12759
https://doi.org/10.1016/S0378-1127(01)00688-0
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1002/eap.2092
https://doi.org/10.1002/eap.2092
https://doi.org/10.1002/eap.2092
https://doi.org/10.1002/eap.2092
https://doi.org/10.1002/eap.2092
https://doi.org/10.1002/eap.2092
https://doi.org/10.1002/eap.2092
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1111/j.1600-0587.2013.00197.x
https://doi.org/10.1002/ecs2.1471
https://doi.org/10.1002/ecs2.1471
https://doi.org/10.1002/ecs2.1471
https://doi.org/10.1002/ecs2.1471
https://doi.org/10.1002/ecs2.1471
https://doi.org/10.1002/ecs2.1471
https://doi.org/10.1002/ecs2.1471
https://doi.org/10.1111/gcb.15028
https://doi.org/10.1111/gcb.15028
https://doi.org/10.1111/gcb.15028
https://doi.org/10.1111/gcb.15028
https://doi.org/10.1111/gcb.15028
https://doi.org/10.1111/gcb.15028
https://doi.org/10.1111/gcb.15028
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.2747/0272-3646.23.2.115
https://doi.org/10.1002/ece3.3906
https://doi.org/10.1002/ece3.3906
https://doi.org/10.1002/ece3.3906
https://doi.org/10.1002/ece3.3906
https://doi.org/10.1002/ece3.3906
https://doi.org/10.1002/ece3.3906
https://doi.org/10.1002/ece3.3906
https://doi.org/10.1111/jbi.12187
https://doi.org/10.1111/jbi.12187
https://doi.org/10.1111/jbi.12187
https://doi.org/10.1111/jbi.12187
https://doi.org/10.1111/jbi.12187
https://doi.org/10.1111/jbi.12187
https://doi.org/10.1111/jbi.12187
https://doi.org/10.3390/rs13081588
https://doi.org/10.3390/rs13081588
https://doi.org/10.3390/rs13081588
https://doi.org/10.3390/rs13081588
https://doi.org/10.3390/rs13081588
https://doi.org/10.3390/rs13081588
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1046/j.1365-2486.2000.00313.x
https://doi.org/10.1139/cjfr-2017-0457
https://doi.org/10.1139/cjfr-2017-0457
https://doi.org/10.1139/cjfr-2017-0457
https://doi.org/10.1139/cjfr-2017-0457
https://doi.org/10.1139/cjfr-2017-0457
https://doi.org/10.1139/cjfr-2017-0457
https://doi.org/10.1139/cjfr-2017-0457
https://doi.org/10.1139/cjfr-2017-0457
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1093/oso/9780198506607.003.0006
https://doi.org/10.1139/x00-057
https://doi.org/10.1139/x00-057
https://doi.org/10.1139/x00-057
https://doi.org/10.1139/x00-057
https://doi.org/10.1139/x00-057
https://doi.org/10.1139/x00-057
https://doi.org/10.1139/x00-057
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1093/njaf/19.1.34
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.3390/f10040302
https://doi.org/10.3390/f10040302
https://doi.org/10.3390/f10040302
https://doi.org/10.3390/f10040302
https://doi.org/10.3390/f10040302
https://doi.org/10.3390/f10040302
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.1016/j.foreco.2007.07.023
https://doi.org/10.2480/agrmet.61.29
https://doi.org/10.2480/agrmet.61.29
https://doi.org/10.2480/agrmet.61.29
https://doi.org/10.2480/agrmet.61.29
https://doi.org/10.2480/agrmet.61.29
https://doi.org/10.2480/agrmet.61.29
https://doi.org/10.2480/agrmet.61.29
https://doi.org/10.2480/agrmet.61.29
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1016/j.actao.2007.02.001
https://doi.org/10.1371/journal.pwat.0000046
https://doi.org/10.1371/journal.pwat.0000046
https://doi.org/10.1371/journal.pwat.0000046
https://doi.org/10.1371/journal.pwat.0000046
https://doi.org/10.1371/journal.pwat.0000046
https://doi.org/10.1371/journal.pwat.0000046
https://doi.org/10.1371/journal.pwat.0000046
https://doi.org/10.1371/journal.pwat.0000046
https://doi.org/10.2136/sssaj2003.1564
https://doi.org/10.2136/sssaj2003.1564
https://doi.org/10.2136/sssaj2003.1564
https://doi.org/10.2136/sssaj2003.1564
https://doi.org/10.2136/sssaj2003.1564
https://doi.org/10.2136/sssaj2003.1564
https://doi.org/10.2136/sssaj2003.1564
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1007/978-1-4614-6849-3
https://doi.org/10.1890/14-2419.1
https://doi.org/10.1890/14-2419.1
https://doi.org/10.1890/14-2419.1
https://doi.org/10.1890/14-2419.1
https://doi.org/10.1890/14-2419.1
https://doi.org/10.1890/14-2419.1
https://doi.org/10.1890/14-2419.1
https://doi.org/10.1890/14-2419.1
https://doi.org/10.1002/fee.2278
https://doi.org/10.1002/fee.2278
https://doi.org/10.1002/fee.2278
https://doi.org/10.1002/fee.2278
https://doi.org/10.1002/fee.2278
https://doi.org/10.1002/fee.2278
https://doi.org/10.1002/fee.2278

12 |

Leduc F, Chagnon C, Moreau G et al. American beech outgrows sugar
maple at the sapling stage regardless of partial harvest intensity
in northern hardwood forests. For Ecol Manage 2024;553:121630.
https://dol.org/10.1016/].FOREC0.2023.121630

Legendre P, Legendre L. Numerical Ecology, 3rd English edition. Elsevier
Science BV, Amsterdam 2012.

Leithead MD, Anand M, Silva LCR. Northward migrating trees estab-
lish in treefall gaps at the northern limit of the temperate-boreal
ecotone, Ontario, Canada. Oecologia 2010;164:1095-106. https://doi.
0rg/10.1007/s00442-010-1769-z

Long RP, Horsley, SB, Bailey, SW, et al. 50 Years Ofscience-Management
Cooperation, In SILVAH: 50 Years of Science-Management Coopera-
tion. Edited by S.L. Stout. Gen. Tech. Rep. NRS-P-186. U.S. Department
of Agriculture, Forest Service, Northern Research Station, Newtown
Square, PA 2019. https://doi.org/10.2737/NRS-GTR-P-186

Macek M, Kopecky M, Wild J. Maximum air temperature controlled by
landscape topography affects plant species composition in temperate
forests. Landsc Ecol 2019;34:2541-56. https://doi.org/10.1007/S10980
-019-00903-X/FIGURES/3

Mahony CR, Wang T, Hamann A et al. A global climate model ensemble
for downscaled monthly climate normals over North America. Int |
Climatol 2022;42:5871-91. https://doi.org/10.1002/joc.7566

Marks PL, Gardescu S. A case study of sugar maple (Acer Saccharum) as a
forest seedling bank species. J Torrey Bot Soc 1998;125:287-96. https://
doi.org/10.2307/2997242

McKenney DW, Pedlar JH, Lawrence K et al. Beyond traditional har-
diness zones: using climate envelopes to map plant range limits.
BioScience 2007;57:929-37. https://doi.org/10.1641/B571105

McPeek MA, Holt RD. The evolution of dispersal in spatially and tem-
porally varying environments. Am Nat 1992;140:1010-27. https://doi.
org/10.1086/285453

Meyer H, Reudenbach C, Hengl T et al. Improving performance of spatio-
temporal machine learning models using forward feature selection
and target-oriented validation. Environ Model Software 2018;101:1-9.
https://doi.org/10.1016/].ENVSOFT.2017.12.001

Moreau G, Achim A, Pothier D. An accumulation of climatic stress events
has led to years of reduced growth for sugar maple in southern
Quebec, Canada. Ecosphere 2020;11:e03183. https://doi.org/10.1002/
€cs2.3183

MRNF. LiDAR - Modéles Numériques (Terrain, Canopée, Pente), [Jeu
de Données], 2016, https://Www.Donneesquebec.ca/Recherche/
Dataset/Depots-de-Surface (Québec, QC, Canada.), https://www:.
donneesquebec.ca/recherche/dataset/produits-derives-de-base-du
-lidar, accessed 15 January 2024.

MRNF. Cartographie Du Cinquiéme Inventaire Ecoforestier Du
Québec Meéridional—M#éthodes et Données Associées, Ministere
des Ressources naturelles et des Foréts, Direction des inventaires
forestiers, Québec, QC. 2022, hittps://mifp.gouv.qc.ca/documents/
forets/inventaire/carto_5E_methodes_donnees.pdf.

MRNF. Résultats de Compilations Forestiéres Par Forel, Ministére des
Ressources naturelles et des Foréts, in https://Www.Donneesquebec.
ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel
-Methode-k-Nn. Québec, QC, Canada, 2023.

Murphy SJ, McCarthy BC. Evidence for topographic control of tree spatial
patterning in an old-growth, mixed Mesophytic forest in Southeastern
Ohio, USA. | Torrey Bot Soc 2012;139:181-93. https://doi.org/10.3159/
TORREY-D-12-00001.1

Nguyen AD, Brown M, Zitnay | et al. Trade-offs in cold resistance at the
northern range edge of the common woodland ant Aphaenogaster
Picea (Formicidae). Am Nat 2019;194:E151-63. https://doi.org/10.
1086/705939

Forestry: An International Journal of Forest Research, 2026, Vol. 99, Issue 4

Nigh TA, Pallardy SG, Garrett HE. Sugar maple-environment relation-
ships in the River Hills and Central Ozark Mountains of Missouri. Am
Midl Nat 1985;114:235. https://doi.org/10.2307/2425599

Nolet P, Kneeshaw D. Extreme events and subtle ecological effects:
lessons from a long-term sugar maple-American beech comparison.
Ecosphere 2018;9:e02336. https://doi.org/10.1002/ecs2.2336

Palik BJ, Clark PW, D’Amato AW et al. Operationalizing forest-assisted
migration in the context of climate change adaptation: examples
from the eastern USA. Ecosphere 2022;13. https://doi.org/10.1002/ecs2.
4260

Park A, Talbot C. Information underload: ecological complexity, incom-
plete knowledge, and data deficits create challenges for the assisted
migration of forest trees. BioScience 2018;68:251-63. https://doi.org/
10.1093/biosci/biy001

Pearson RG. Climate change and the migration capacity of species. Trends
Ecol Evol 2006;21:111-3. https://doi.org/10.1016/j.tree.2005.11.022

Pecchi M, Marchi M, Burton V et al Species distribution modelling
to support forest management. A literature review. Ecol Model
2019;411:108817. https://doi.org/10.1016/j.ecolmodel.2019.108817

Pilon V, Payette S. Sugar maple (Acer Saccharum) forests at their north-
ern distribution limit are recurrently impacted by fire. Can J For Res
2015;45:452-62. https://doi.org/10.1139/cjfr-2014-0322

Pitel NE, Yanai RD. Abiotic and biotic factors influencing sugar maple
health: soils, topography, climate, and defoliation. Soil Sci Soc Am |
2014;78:2061-70. https://doi.org/10.2136/sssaj2014.06.0240

Prasad A, Pedlar J, Peters M et al. Combining US and Canadian forest
inventories to assess habitat suitability and migration potential of 25
tree species under climate change. Divers Distrib 2020;26:1142-59.
https://doi.org/10.1111/ddi.13078

Putnam RC, Reich PB. Climate and competition affect growth and sur-
vival of transplanted sugar maple seedlings along a 1700-km gradient.
Ecol Monogr 2017;87:130-57. https://doi.org/10.1002/ecm.1237

Questad EJ], Kellner JR, Kinney K et al. Mapping habitat suitability
for atrisk plant species and its implications for restoration and
reintroduction. Ecol Appl 2014;24:385-95. https://doi.org/10.1890/13
-0775.1

R Core Team. R: A Language and Environment for Statistical Computing,
Manual. R Foundation for Statistical Computing, Vienna, Austria, 2026.
https://www.R-project.org/

Reinmann AB, Susser JR, Demaria EMC et al. Declines in northern forest
tree growth following snowpack decline and soil freezing. Glob Chang
Biol 2019;25:420-30. https://doi.org/10.1111/gch.14420

Robin-Abbott MJ, Pardo LH. How Climatic Conditions, Site, and Soil Char-
acteristics Affect Tree Growth and Critical Loads of Nitrogen for North-
eastern Tree Species, NRS-GTR-172. U.S. Department of Agriculture,
Forest Service, Northern Research Station, Newtown Square, PA, 2017,
NRS-GTR-172. https://doi.org/10.2737/NRS-GTR-172

Sanders-DeMott R, McNellis R, Jabouri M et al. Snow depth, soil tem-
perature and plant-herbivore interactions mediate plant response to
climate change. ] Ecol 2018;106:1508-19. https://doi.org/10.1111/1365
-2745.12912

Saucier J-P, Robitaille A, and Grondin P (2009). Cadre bioclimatique du
Québec. In Manuel de foresterie, 2nd edition. Edited by R. Doucet
and M. Coté. Ordre des ingénieurs forestiers du Québec, Editions
Multimondes, Québec, QC. pp 186-205.

Shen Q, Wang Y, Wang X et al Comparing interpolation methods
to predict soil total phosphorus in the Mollisol area of Northeast
China. CATENA 2019;174:59-72. https://doi.org/10.1016/j.catena.2018.
10.052

Sittaro E, Paquette A, Messier C, & Nock CA (2017). Tree range expansion
in eastern North America fails to keep pace with climate warming

9z0z 1snbny 0| uo 1sanb Ag €098+ /8/S06edo//66/0101e/A1)S810)/W09 dNO-dIWapeoe//:sd)y Wolj papeojumoq


https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1016/J.FORECO.2023.121630
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.1007/s00442-010-1769-z
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.2737/NRS-GTR-P-186
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1007/S10980-019-00903-X/FIGURES/3
https://doi.org/10.1002/joc.7566
https://doi.org/10.1002/joc.7566
https://doi.org/10.1002/joc.7566
https://doi.org/10.1002/joc.7566
https://doi.org/10.1002/joc.7566
https://doi.org/10.1002/joc.7566
https://doi.org/10.1002/joc.7566
https://doi.org/10.2307/2997242
https://doi.org/10.2307/2997242
https://doi.org/10.2307/2997242
https://doi.org/10.2307/2997242
https://doi.org/10.2307/2997242
https://doi.org/10.2307/2997242
https://doi.org/10.1641/B571105
https://doi.org/10.1641/B571105
https://doi.org/10.1641/B571105
https://doi.org/10.1641/B571105
https://doi.org/10.1641/B571105
https://doi.org/10.1641/B571105
https://doi.org/10.1086/285453
https://doi.org/10.1086/285453
https://doi.org/10.1086/285453
https://doi.org/10.1086/285453
https://doi.org/10.1086/285453
https://doi.org/10.1086/285453
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1016/J.ENVSOFT.2017.12.001
https://doi.org/10.1002/ecs2.3183
https://doi.org/10.1002/ecs2.3183
https://doi.org/10.1002/ecs2.3183
https://doi.org/10.1002/ecs2.3183
https://doi.org/10.1002/ecs2.3183
https://doi.org/10.1002/ecs2.3183
https://doi.org/10.1002/ecs2.3183
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://Www.Donneesquebec.ca/Recherche/Dataset/Depots-de-Surface
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://www.donneesquebec.ca/recherche/dataset/produits-derives-de-base-du-lidar
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://mffp.gouv.qc.ca/documents/forets/inventaire/carto_5E_methodes_donnees.pdf
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://Www.Donneesquebec.ca/Recherche/Dataset/Compilations-Forestieres-Originales-Par-Forel-Methode-k-Nn
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.3159/TORREY-D-12-00001.1
https://doi.org/10.1086/705939
https://doi.org/10.1086/705939
https://doi.org/10.1086/705939
https://doi.org/10.1086/705939
https://doi.org/10.1086/705939
https://doi.org/10.1086/705939
https://doi.org/10.2307/2425599
https://doi.org/10.2307/2425599
https://doi.org/10.2307/2425599
https://doi.org/10.2307/2425599
https://doi.org/10.2307/2425599
https://doi.org/10.2307/2425599
https://doi.org/10.1002/ecs2.2336
https://doi.org/10.1002/ecs2.2336
https://doi.org/10.1002/ecs2.2336
https://doi.org/10.1002/ecs2.2336
https://doi.org/10.1002/ecs2.2336
https://doi.org/10.1002/ecs2.2336
https://doi.org/10.1002/ecs2.2336
https://doi.org/10.1002/ecs2.4260
https://doi.org/10.1093/biosci/biy001
https://doi.org/10.1093/biosci/biy001
https://doi.org/10.1093/biosci/biy001
https://doi.org/10.1093/biosci/biy001
https://doi.org/10.1093/biosci/biy001
https://doi.org/10.1093/biosci/biy001
https://doi.org/10.1093/biosci/biy001
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.tree.2005.11.022
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1016/j.ecolmodel.2019.108817
https://doi.org/10.1139/cjfr-2014-0322
https://doi.org/10.1139/cjfr-2014-0322
https://doi.org/10.1139/cjfr-2014-0322
https://doi.org/10.1139/cjfr-2014-0322
https://doi.org/10.1139/cjfr-2014-0322
https://doi.org/10.1139/cjfr-2014-0322
https://doi.org/10.1139/cjfr-2014-0322
https://doi.org/10.1139/cjfr-2014-0322
https://doi.org/10.2136/sssaj2014.06.0240
https://doi.org/10.2136/sssaj2014.06.0240
https://doi.org/10.2136/sssaj2014.06.0240
https://doi.org/10.2136/sssaj2014.06.0240
https://doi.org/10.2136/sssaj2014.06.0240
https://doi.org/10.2136/sssaj2014.06.0240
https://doi.org/10.2136/sssaj2014.06.0240
https://doi.org/10.2136/sssaj2014.06.0240
https://doi.org/10.1111/ddi.13078
https://doi.org/10.1111/ddi.13078
https://doi.org/10.1111/ddi.13078
https://doi.org/10.1111/ddi.13078
https://doi.org/10.1111/ddi.13078
https://doi.org/10.1111/ddi.13078
https://doi.org/10.1111/ddi.13078
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1890/13-0775.1
https://doi.org/10.1890/13-0775.1
https://doi.org/10.1890/13-0775.1
https://doi.org/10.1890/13-0775.1
https://doi.org/10.1890/13-0775.1
https://doi.org/10.1890/13-0775.1
https://doi.org/10.1890/13-0775.1
https://doi.org/10.1890/13-0775.1
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/gcb.14420
https://doi.org/10.1111/gcb.14420
https://doi.org/10.1111/gcb.14420
https://doi.org/10.1111/gcb.14420
https://doi.org/10.1111/gcb.14420
https://doi.org/10.1111/gcb.14420
https://doi.org/10.1111/gcb.14420
https://doi.org/10.2737/NRS-GTR-172
https://doi.org/10.2737/NRS-GTR-172
https://doi.org/10.2737/NRS-GTR-172
https://doi.org/10.2737/NRS-GTR-172
https://doi.org/10.2737/NRS-GTR-172
https://doi.org/10.2737/NRS-GTR-172
https://doi.org/10.2737/NRS-GTR-172
https://doi.org/10.2737/NRS-GTR-172
https://doi.org/10.1111/1365-2745.12912
https://doi.org/10.1111/1365-2745.12912
https://doi.org/10.1111/1365-2745.12912
https://doi.org/10.1111/1365-2745.12912
https://doi.org/10.1111/1365-2745.12912
https://doi.org/10.1111/1365-2745.12912
https://doi.org/10.1111/1365-2745.12912
https://doi.org/10.1111/1365-2745.12912
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052
https://doi.org/10.1016/j.catena.2018.10.052

Forestry: An International Journal of Forest Research, 2026, Vol. 99, Issue 4 | 13

at northern range limits. Global Change Biology, 23(8), 3292-3301.
Portico. https://doi.org/10.1111/gch.13622

Sgrensen R, Seibert J. Effects of DEM resolution on the calculation of topo-
graphical indices: TWI and its components. | Hydrol 2007;347:79-89.
https://doi.org/10.1016/j.jhydrol.2007.09.001

St Clair SB, Sharpe WE, Lynch JP. Key interactions between nutrient
limitation and climatic factors in temperate forests: a synthesis of the
sugar maple literature. Can | For Res 2008;38:401-14. https://doi.org/
10.1139/X07-161

St-Jean E, Meunier S, Nolet P et al. Increased levels of harvest may favour
sugar maple regeneration over American beech in northern hard-
woods. For Ecol Manage 2021;499:119607. https://doi.org/10.1016/].
foreco.2021.119607

Sylvain JD, Roy M-E, Tousignant D. Projet SIIGSOL: Une Cartographie
Numérique des Sols Pour Soutenir L’aménagement Forestier.’, Avis de
recherche forestiére no. 177. Direction de la recherche forestiere, Min-
istere des Foréts, de la Faune et des Parcs, Québec, QC, 2022.

Szmyt J. Silviculture and climate change — challenges, limitations and
perspective. Sylwan 2020;164:881-95.

Tauc F, Houle D, Dupuch A et al. Microtopographic refugia against
drought in temperate forests: lower water availability but more
extensive fine root system in mounds than in pits. For Ecol Manage
2020;476:118439. https://doi.org/10.1016/j.foreco.2020.118439

Tourville J, Zarfos MR, Lawrence GB et al. Soil biotic and abiotic thresh-
olds in sugar maple and American beech seedling establishment in
forests of the Northeastern United States. Plant Soil 2023;491(1-2):
387-400. https://doi.org/10.1007/s11104-023-06123-2

Valavi R, Elith ], Lahoz-Monfort JJ et al. blockCV: an r package for
generating spatially or environmentally separated folds for k-fold
cross-validation of species distribution models. Methods Ecol Evol
2019;10:225-32. https://doi.org/10.1111/2041-210X.13107

Valavi R, Guillera-Arroita G, Lahoz-Monfort JJ et al. Predictive perfor-
mance of presence-only species distribution models: a benchmark
study with reproducible code. Ecological monographs 2022;92:e01486.
https://doi.org/10.1002/ecm.1486

Voyer D, Moreau G, Gennaretti F et al Age and growth reductions
increase the proportion of dark heartwood in sugar maple at the
northern limit of its range. Forestry 2024;98:181-93. https://doi.org/
10.1093/FORESTRY/CPAE022

Walthert L, Meier ES. Tree species distribution in temperate forests is
more influenced by soil than by climate. Ecol Evol 2017;7:9473-84.
https://doi.org/10.1002/ece3.3436

Wang Y, Gill JL, Marsicek J et al. Pronounced variations in Fagus Gran-
difolia abundances in the Great Lakes region during the Holocene.
Holocene 2016;26:578-91. https://doi.org/10.1177/0959683615612
586

Wotherspoon A, D’Orangeville L, Thiffault N et al. Challenges and oppor-
tunities for the operationalization of forest-assisted migration in
Canada. Can | For Res 2025;55:1-14. https://doi.org/10.1139/cjfr-2024
-0325

Wotherspoon AR, Achim A, Coops NC. Assessing future climate
trends and implications for managed forests across Canadian eco-
zones. Can | For Res 2024;54:278-89. https://doi.org/10.1139/cjfr-2023-
0058

© The Author(s) 2026. Published by Oxford University Press on behalf of the Institute of Chartered Foresters. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted

reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
Forestry: An International Journal of Forest Research, 2026, 99, cpag054
https://doi.org/10.1093/forestry/cpag054

Original Article

9z0z 1snbny 0| uo 1sanb Ag €098+ /8/S06edo//66/0101e/A1)S810)/W09 dNO-dIWapeoe//:sd)y Wolj papeojumoq


https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1016/j.jhydrol.2007.09.001
https://doi.org/10.1139/X07-161
https://doi.org/10.1139/X07-161
https://doi.org/10.1139/X07-161
https://doi.org/10.1139/X07-161
https://doi.org/10.1139/X07-161
https://doi.org/10.1139/X07-161
https://doi.org/10.1139/X07-161
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2021.119607
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1016/j.foreco.2020.118439
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1007/s11104-023-06123-2
https://doi.org/10.1111/2041-210X.13107
https://doi.org/10.1111/2041-210X.13107
https://doi.org/10.1111/2041-210X.13107
https://doi.org/10.1111/2041-210X.13107
https://doi.org/10.1111/2041-210X.13107
https://doi.org/10.1111/2041-210X.13107
https://doi.org/10.1111/2041-210X.13107
https://doi.org/10.1111/2041-210X.13107
https://doi.org/10.1002/ecm.1486
https://doi.org/10.1002/ecm.1486
https://doi.org/10.1002/ecm.1486
https://doi.org/10.1002/ecm.1486
https://doi.org/10.1002/ecm.1486
https://doi.org/10.1002/ecm.1486
https://doi.org/10.1002/ecm.1486
https://doi.org/10.1093/FORESTRY/CPAE022
https://doi.org/10.1093/FORESTRY/CPAE022
https://doi.org/10.1093/FORESTRY/CPAE022
https://doi.org/10.1093/FORESTRY/CPAE022
https://doi.org/10.1093/FORESTRY/CPAE022
https://doi.org/10.1093/FORESTRY/CPAE022
https://doi.org/10.1093/FORESTRY/CPAE022
https://doi.org/10.1002/ece3.3436
https://doi.org/10.1002/ece3.3436
https://doi.org/10.1002/ece3.3436
https://doi.org/10.1002/ece3.3436
https://doi.org/10.1002/ece3.3436
https://doi.org/10.1002/ece3.3436
https://doi.org/10.1002/ece3.3436
https://doi.org/10.1177/0959683615612586
https://doi.org/10.1139/cjfr-2024-0325
https://doi.org/10.1139/cjfr-2024-0325
https://doi.org/10.1139/cjfr-2024-0325
https://doi.org/10.1139/cjfr-2024-0325
https://doi.org/10.1139/cjfr-2024-0325
https://doi.org/10.1139/cjfr-2024-0325
https://doi.org/10.1139/cjfr-2024-0325
https://doi.org/10.1139/cjfr-2024-0325
https://doi.org/10.1139/cjfr-2023-0058
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/forestry/cpag054

	 Fine-scale drivers of sugar maple Acer saccharum habitat suitability at its northern range limit
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgements
	Author contributions
	Supplementary material
	Conflicts of interest
	Funding
	Declaration of competing interest
	Data availability


