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Abstract

Climate change poses a significant global threat, requiring rapid and effective mitigation strategies
to limit future warming. Tree planting is a commonly proposed and readily implementable natural
climate solution. It is also a vital component of habitat restoration for the threatened woodland
caribou (Rangifer tarandus). There is potential for the goals of caribou conservation and carbon
sequestration to be combined for co-benefits. We examine this opportunity by estimating the
carbon sequestration impacts of tree planting in woodland caribou range in British Columbia
(BC), Canada. To do so, we couple Landsat-derived datasets with Physiological Processes
Predicting Growth, a process-based model of forest growth. We compare the sequestration impacts
of planting informed by woodland caribou habitat needs to planting for maximum carbon
sequestration under multiple future climate scenarios including shared socio-economic pathways
(SSP) 2, representing ~2.7 °C warming, and SSP5, representing ~4.4 °C warming. Trees were
modelled as planted in 2025. Province-wide by 2100, planting for maximum-carbon sequestration
averaged 1062 Mg CO, - ha™! planted, while planting for caribou habitat resulted in an average of
930 Mg CO; - ha™! planted, a reduction of 12%. We found that relative sequestration between
herds remained similar across warming scenarios and that, for most ecotypes, sequestration
increased from 5% to 7% between the coldest (~2.7 °C warming) and warmest (~4.4 °C
warming) scenario. Variability in the relative sequestration impacts of planting strategies was
observed between herds, highlighting the importance of spatially-explicit, herd-level analysis of
future forest growth when planning restoration activities. Our findings indicate a large potential
for co-benefits between carbon sequestration and woodland caribou habitat restoration across BC
in all warming scenarios modelled. They also underscore the value of process-based forest growth
models in evaluating the carbon implications of tree planting and habitat restoration across large
areas under a changing climate.

1. Introduction

Climate change is an issue of global concern, particularly in northern countries like Canada, which is
experiencing warming at twice the global average (Bush and Lemmen 2019). To keep future warming below
2 °C, mitigation efforts must rapidly accelerate (IPCC 2023). As part of global efforts towards mitigation,
natural climate solutions which are based upon natural ecosystems (Osaka et al 2021), are frequently
discussed (Drever et al 2021, Seddon 2022). As they are based on natural processes, natural climate solutions
are readily implementable, and can offer a number of co-benefits (Griscom et al 2017, Ellis et al 2024). Due
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to their potential for immediate execution they are a core pillar of Canada’s climate strategy, with the
government committing over $5 billion by 2031 towards implementing them (Environment and Climate
Change Canada 2024)

One commonly discussed form of natural climate solution is tree planting, either through afforestation
(the planting of trees in areas not formerly forested), or reforestation (restoring formerly forested ecosystems
back to a forested state) (Brancalion and Holl 2020). In addition to having large carbon sequestration
potential, tree planting programs can create other co-benefits, such as restoring habitat for species at risk
(Fargione et al 2018), or providing ecosystem services, including recreation and food supply (Mazziotta et al
2022). While planting programs undertaken in ecologically unsuitable areas (Kristensen et al 2024), or with
ecologically unsuitable species (Rana and Varshney 2023) are often ineffective, if local trees are planted in
appropriate locations, significant sequestration benefits can occur.

One opportunity for such co-benefits is habitat restoration for the threatened woodland caribou
(Rangifer tarandus) (Mansuy et al 2020, Palm et al 2020). Woodland caribou are an ecologically and
culturally important species (Festa-Bianchet et al 2011), with populations declining across British Columbia
(BC), and Canada (Environment Canada 2014, Environment and Climate Change Canada 2020, BC Caribou
Recovery Program 2021). While there are many causal factors related to this decline, habitat loss and habitat
disturbance are widely accepted as major drivers (Wittmer et al 2007, Apps et al 2013, Johnson et al 2020,
Palm et al 2020, Dickie et al 2021, Serrouya et al 2021). Woodland caribou require large, undisturbed areas of
old forest to thrive, and the conversion of old conifer forests to early seral, and deciduous dominated stands
can have notable negative effects on this species (Environment Canada 2014, Environment and Climate
Change Canada 2020, Serrouya et al 2021). Other than the direct impact of habitat loss (e.g. loss of forage
and thermal cover), disturbance negatively affects woodland caribou through two indirect mechanisms
influencing predation: a numerical response increasing predator numbers through disturbance-mediated
apparent competition, and a functional response increasing predator efficiency through movement along
linear disturbance such as roads and seismic lines (Wittmer et al 2007, Festa-Bianchet et al 2011, Dickie et al
2017, DeMars and Boutin 2018). Disturbance-mediated apparent competition occurs when old forests are
converted to early-seral ecosystems, increasing moose and deer populations, which in turn raise wolf
populations and predation on caribou (Environment and Climate Change Canada 2020).

Habitat restoration of polygonal (e.g. fire, forest harvesting), and linear (e.g. roads, seismic lines)
disturbances, is a key pillar of proposed woodland caribou recovery strategies (Bentham and Coupal 2015,
Dickie et al 2021, 2023c), which to date has seen limited implementation or efficacy (Tattersall et al 2020,
Beirne et al 2021). Since woodland caribou require large areas of undisturbed old forest to thrive, tree
planting efforts can contribute to effective habitat restoration over time by blocking predator movement and
accelerating the recovery of disturbed areas from an early-seral state, ultimately increasing overall forested
area (Environment Canada 2014, Bentham and Coupal 2015, Dickie et al 2023c).

Previous research has evaluated the carbon sequestration potential of tree-planting efforts in Canada, as
well as globally, indicating generally positive benefits especially over longer time-horizons (Griscom et al
2017, Drever et al 2021, du Toit et al 2024). There has however been limited research assessing the potential
carbon sequestration impacts of highly targeted tree planting in potential habitat restoration sites for
threatened species, such as within woodland caribou range. Given the urgency of addressing both challenges
and the finite availability of funding and resources, there is a strong need to locate and evaluate synergies
between conservation objectives wherever possible (Molina et al 2024). With the advent of free and
open-access to the Landsat satellite data archive, advances have been made in satellite-based characterization
of forested ecosystems, including wall-to-wall mapping of land cover and tree species identification across
Canada. These developments can be coupled with process-based models of forest growth to aid in the
characterization and identification of opportunities for co-benefits between carbon sequestration and
habitat restoration (Hermosilla et al 2018, 2022a, Wulder et al 2024).

We combine a well-established and parameterized process-based forest growth model with
Landsat-derived datasets to evaluate the potential for co-benefits between carbon sequestration and habitat
restoration. This approach generates spatially explicit estimates of the potential future carbon sequestration
impacts of tree planting efforts in woodland caribou range in BC at 90 m spatial resolution, assuming no
subsequent forest harvest. We compare three differing planting strategies: (A) planting which increases
high-quality caribou habitat area, (B) planting which maximizes carbon sequestration within each herd
range, and (C) planting which restores linear disturbances. Differences in the sequestration impacts of each
strategy, in terms of tree biomass, are evaluated by caribou ecotype to determine locations with the highest
potential for co-benefits from tree planting, and to identify which caribou ecotype ranges show the greatest
potential for sequestration. While in practice, land managers would likely implement a combination of all
three of these scenarios, they are highlighted separately in this work in order to individually evaluate the
differing impacts on carbon sequestration they may have. Growth is modelled across three future warming
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scenarios to assess the potential impacts of uncertainty in future levels of climate change. Trees are assumed
to be planted in 2025, and growth modelled at two key dates, 2050 and 2100, to evaluate the impacts of both
shorter- and longer-term goals (Canada 2020, Johnson and Rea 2024). Results are then compared at a herd as
well as ecotype level to identify co-benefit opportunities.

2. Study area

Bounded by the Pacific Ocean on the west, and the Rocky Mountains on the east, BC’s environment and
ecology are highly varied. From the wet, productive forests of the mountainous coast, to the relatively dry
environments in the central interior plateau, BC encompasses a wide range of climatic and environmental
conditions (Demarchi 2011).

Woodland caribou habitat spans multiple environments, including mature low-elevation forests,
peatlands, subalpine forests, muskegs, and alpine ridges (Environment Canada 2014, Environment and
Climate Change Canada 2020). Woodland caribou in BC are classified into 55 separate herds (figure 1), and
three ecotypes: Boreal, Northern Mountain, and Southern Mountain, with the Southern Mountain ecotype
further divided into the Northern, Central, and Southern groups (BC Caribou Recovery Program 2022).

Woodland caribou habitat in BC is affected by large amounts of forest disturbance (events which alter the
structure and composition of an ecosystem, such as fire or forest harvesting), with 16% of forested area in
woodland caribou range in BC disturbed between 1985 and 2019 (Environment Canada 2014, Nagy-Reis
et al 2021, Maltman et al 2024). Linear disturbances such as roads and seismic lines affect herds
province-wide, with seismic lines from oil and gas exploration typically concentrated in the oil-bearing north
and east of the province. Further south, linear disturbances are mainly caused by other activities such as road
construction for forestry (Nagy-Reis et al 2021). Polygonal disturbances affect all herds, with fire being the
dominant stand-replacing disturbance affecting Boreal, Northern Mountain, and Southern Mountain
Northern group caribou, and harvesting being the primary disturbance driver for Southern Mountain
Central, and Southern Mountain Southern group caribou (Maltman et al 2024).

3. Data and methods

3.1. Overview

We utilized a well-established and parametrised forest growth model (Physiological Processes Predicting
Growth (3PG)) (Landsberg and Waring 1997, Nole et al 2009, Headlee et al 2013, Amichev et al 2016, Gupta
and Sharma 2019, Trotsiuk et al 2020, Forrester et al 2021) to model carbon accumulation across all area
defined as plantable within caribou range in BC. Growth is modelled based on a combination of tree-species
and site-specific parameters including fertility, available soil water (ASW), and climate data. Multiple climate
scenarios are considered to account for uncertainty in future warming, incorporating a climate model which
takes into account the fine scale impacts of elevation on climate. Potential carbon sequestration is then
compared across three separate areas of opportunity for planting (AO) to evaluate the impacts of differing
priorities when planting, assuming no logging is undertaken in planted areas.

Forest carbon accumulation was modelled at 90 m spatial resolution for all AOs for all woodland caribou
herd ranges in BC. To ensure ecological suitability the most common tree species found within each herd
range was selected as the tree planted, and held constant across all three AOs (Brancalion and Holl 2020,
Rana and Varshney 2023). 2025 was chosen as the planting year, and for comparability, all trees were
assumed to be planted on the same date. Initial planting density was set at 2000 stems/ha. Total biomass
accumulation per hectare for each pixel was modelled at two time-steps: 2050, and 2100; 2050 was chosen for
comparison with Canada’s commitment to net-zero emissions by 2050 (Environment and Climate Change
Canada 2021), and 2100 was used to evaluate the longer term impacts of planting. The carbon content of tree
biomass was converted to CO2 accumulation by dividing tree biomass by two to acquire carbon content, and
then multiplied by 3.67 (stoichiometric ratio of C in CO2) to acquire CO2 accumulation (Kurz 1992, Kauppi
et al 1995, Kurz et al 2009).

3PG, developed by Landsberg and Waring (1997) is a physiologically-based process model, which has
been widely used to characterize forest growth (Gupta and Sharma 2019) over large areas to generate spatial
predictions of forest growth (Coops et al 1998, Coops and Waring 2011, Trotsiuk ef al 2020). The model
deterministically calculates rates of photosynthesis, growth allocation, litter production, self-thinning and
transpiration on a monthly time step and on a per-hectare basis (Coops and Hember 2009) and it is
applicable across a wide range of tree species (Landsberg et al 2003). Self-thinning is modelled using the —3/2
self-thinning rule to determine the maximum potential mass of a single stem given total stem population
(Sands and Landsberg 2002). Model inputs include climatic data for the site, soil characteristics for the site,
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Figure 1. Map of British Columbia displaying (A): Woodland caribou herds by ecotype, (B): Treed area in 2019, (C): Elevation.

including fertility, and maximum-ASW, and a species-specific set of parameters (Coops et al 1998). Carbon
accumulation is partitioned between three pools in the model: foliage, stem, and root biomass. As the model
is a physiological model of tree growth, only biomass accumulated by modelled trees is considered.

By incorporating a climate model which takes into account the fine scale impacts of elevation on climatic
variables such as temperature, precipitation, and growing season, with multiple future warming scenarios,
and a physiological rather than empirical model of tree growth, this modelling approach allows for the

4



10P Publishing

Environ. Res.: Ecol. 4 (2025) 025004 ] Maltman et al

consideration of potential increases in productivity in northern areas and upward shifts in treeline due to
climate change (Davis et al 2020).

3.2, Data

3.2.1. Herd boundaries

Herd locations in BC were delineated using herd boundaries from the BC Caribou Recovery Program (2022).
The product designates boundaries based on the area required for a herd to be self-sustaining, using
best-available science and expert knowledge. The layer defines 55 herds in BC, including five currently
extirpated herds. While some herd ranges extend outside of BC, they are truncated at the border to fit within
BC’s geographic constraints.

3.2.2. Climate data
To account for the variability of future climate, three future warming scenarios were evaluated in this study;
shared socio-economic pathways (SSP) 2,3, and 5 (Riahi et al 2017). Each SSP represents a distinct scenario
of which future socioeconomic developments might take, and their subsequent impacts on climate change.
SSP2 represents a ‘middle of the road’ scenario, and a likely increase of global temperatures of 2.7 °C, SSP3
represents a scenario of ‘regional rivalry, and consequent likely warming of 3.6 °C, while SSP5 represents a
scenario of ‘fossil-fuelled development’ and likely warming of 4.4 °C (Riahi et al 2017, IPCC 2023).
Historical climate data for the three future warming scenarios were derived from the ClimateBC
application (Wang et al 2016). The application downscales 800 m scale PRISM data for historical climate
values, and 1° Global Circulation Model data for future climate scenarios to scale-free point estimates, using
elevation data to adjust relevant climate values due to altitude (Wang et al 2016). This methodology allows
for the incorporation of the impacts of complex topography on climate variables at a relatively fine spatial
resolution. Elevation values were derived from the Advanced Spaceborne Thermal Emission and Reflection
Radiometer global digital elevation model (NASA et al 2019). Climate variables utilized included monthly
minimum and maximum temperature, precipitation, and number of frost-free days. Monthly estimates of
mean daily total downward incoming short-wave radiation (MJ-m~2-d~!) were used, averaged from
1971-2000 from Hember et al (2017), available at 1 km spatial resolution.

3.2.3. Other model inputs

Soil fertility data were derived from a 1 km spatial resolution fertility layer for forested areas in the Pacific
Northwest generated by Coops et al (2012). The fertility parameter in 3PG is a unitless variable between 0
and 1, indicating relative soil fertility. The layer was derived by comparing observed leaf area index with 3PG
modelled forest growth to infer soil characteristics. Data gaps in the layer, including all non-forested areas
were infilled first by applying a single pass of a 5 x 5-pixel focal mean filter. Remaining no-data pixels were
assigned the mean fertility value for the corresponding herd range. Infilling accounted for 41% of all pixels.

Maximum ASW (ASW.x) was estimated for every pixel using the ASW-TOP algorithm, based on
topographic wetness index (TWI) and case-specific coefficients determined by previously-obtained local
reference values (Zheng et al 1996). Reference values for use in the algorithm were derived from a 1 km
spatial resolution ASWy,y layer for forested areas across BC from Coops et al (2012), TWI was calculated
based on the DEM utilized for elevation data (NASA et al 2019).

For model parameterization and accuracy assessment, estimated tree height derived from the 3PG model
was compared to pre-existing measures of tree productivity derived from the BC site productivity layer (BC
Government 2021a). The site productivity layer is a 100 m spatial resolution data product which indicates the
expected height of a given tree species at 50 years of age across its range in BC. It is based on existing
provincial predictive ecosystem mapping and terrestrial ecosystem mapping data where available, and
estimates site index based on biophysical data and species ranges in areas of data gaps (BC Government
2021a).

3.2.4. Landsat-derived data

Landsat-derived data products were utilized for delineation of areas of opportunity for planting (AO), as well
as for selection of planted species, and included land cover and disturbance history covering a period from
1985-2019, and dominant species for the year 2019. Forest disturbance was identified from disturbance
layers generated via the Composite2Change (C2C) approach from (Hermosilla et al 2016). C2C generates

30 m spatial resolution, annual, best-available-pixel (BAP) image composites (White et al 2014). Image
composites are further refined through the temporal analysis of the Normalized Burn Ratio values
(Hermosilla et al 2015a). Disturbances are identified using a breakpoint detection algorithm and disturbance
agent is then attributed to the change event using a random forests classification model (Hermosilla et al
2015b). Disturbance agents identified in the dataset are fire, forest harvesting, and non-stand replacing
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disturbance, with fire and forest harvesting being considered in this paper. Reported accuracy of the data
product is 90% for spatial identification of disturbance, 89% of detected changes were assigned the correct
occurrence year and 98% were identified within +1 year (Hermosilla et al 2016).

Land cover was determined using the annual Canada-wide land cover layers from Hermosilla et al
(2022b), derived using the virtual land cover engine (VLCE) methodological framework. VLCE takes
advantage of the long time series of data available in the Landsat record, and annual BAP surface reflectance
image composites, to derive annual, change-informed maps of land cover across Canada’s forested
ecosystems from 1984-2019 (2018, Hermosilla et al 2022b). These 30 m spatial resolution data products are
comprised of 12 land cover classes including coniferous, broadleaf, exposed/barren land, shrubs, herbs, and
bryoids. The overall accuracy of the land cover product was found to be 77.9% =+ 1.4% (95%-confidence
interval) (Hermosilla et al 2022b).

Forested area was identified using the forest mask for the year 2019 from Wulder et al (2020). While treed
area refers to areas currently covered by trees (land cover class of deciduous, coniferous, mixedwood, or
wetland-treed), forested area refers to an area that has a land use of forest, including areas both currently
covered by trees, as well as formerly treed areas expected to recover to a treed land cover class after a
disturbance. To determine forested area, spatial and temporal rules were applied to annual disturbance and
land-cover layers to meet the UN Food and Agriculture Organization (FAO) definition of forest (FAO 2020).
Following this definition, all areas which had a treed land cover class (deciduous, coniferous, mixedwood, or
wetland-treed) were considered forest. Additionally, all areas that were not currently treed, but were treed for
a number of years before a stand-replacing disturbance were considered forest, as they were expected to
recover to a treed condition. This distinction recognizes the difference between land use (long-term status of
an area), and land cover (characterization of what is currently on the landscape). Agricultural areas as
indicated by the Agriculture and Agri Food Canada masks were excluded from the analysis.

Dominant tree species within each herd range were derived from the leading tree species map for the year
2019 from Hermosilla et al (2022a). This layer identifies 37 tree species at 30 m spatial resolution over the
forested ecosystems of Canada. It was generated using the Landsat BAP image composite for the year 2019,
along with other supplementary climatic, phenologic, topographic and geographic data. Regional random
forests models were then applied to predict the dominant tree species within each pixel (Hermosilla et al
2022a). Accuracy assessment conducted using independent validation data indicated an overall accuracy of
93.1% = 0.1% (95%-confidence interval).

3.2.5. Biogeoclimatic ecosystem classification (BEC) zones

BC BEC zones were used as part of the delineation of AOs. BEC zones classify BC’s ecosystems into zones and
subzones based on a number of variables including topography, vegetation, and soils, with these zones
mapped across BC (BC Government 2021a).

3.2.6. Linear disturbance datasets

We identified the location of linear disturbances from the BC cumulative effects human disturbance and
integrated roads datasets (BC Government 2021b, 2021c¢). The datasets are consolidations of publicly
accessible roads and human disturbance data, and while not exhaustive or complete, give a general indication
on levels of disturbance within large areas. Data from the human disturbance dataset is represented by
polygons denoting disturbed area, while data from the roads dataset is represented by lines denoting road
course.

3.3. Methods
3.3.1. Area of opportunity delineation
Three planting AOs were considered to compare the potential impacts of differing planting priorities. The
first, linear AO, is comprised of linear forest disturbances within each herd range, and represents the
potential carbon impacts of restoration and tree planting on these disturbances. The second, caribou-focused
AO, constrains non-linear plantable areas by a set of requirements based on woodland caribou habitat needs,
and represents the potential sequestration impacts of planting to increase the area of high-quality woodland
caribou habitat. The third, maximum-carbon AQO, covers the same total area as the woodland caribou AO,
consists of the most productive non-linear plantable areas within each herd range, and represents an upper
bound of the maximum sequestration possible from tree planting within each herd range. AOs do not
represent recommendations that the entire area should be planted, rather they highlight areas which could be
planted under specific requirements. Carbon sequestration is therefore reported in megagrams of CO,
sequestered per hectare planted within each herd range, rather than total CO, sequestration.

Similarly, AOs do not represent the assumption that the area will be a productive forest. They are
necessarily broad, to account for potential future shifts in productive area due to climate change, or areas
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which may support productive tree growth but are not currently forested for a variety of reasons (Coops and
Waring 2011, Fradette et al 2021). As 3PG is a process-based model which bases its growth estimates on fine
scale climatic and soil variables, if climatic conditions such as a short growing season or low precipitation do
not allow for productive tree growth, the model would indicate low to no growth, and thus that the area is
not a good choice to plant.

The linear-feature focused AO was determined from maps of roads and oil and gas exploration. All linear
disturbances labelled as ‘Oil and Gas Geophysical’ in the human disturbance dataset, representing seismic
lines, and all unpaved roads classified as resource roads, skid tracks, or unclassified were considered for
planting. Due to the poor reliability of information regarding resource road use status in BC, all roads
meeting this definition were considered to be plantable (BC Government 2021b). As seismic lines from oil
and gas exploration are often abandoned after the initial survey, all oil and gas exploration disturbances were
also considered plantable (Bayatvarkeshi et al 2024). Seismic line area represents the area of cleared
vegetation for seismic surveys. In order to obtain an approximate area of roads, lines representing road
courses were buffered by 8 m, representing a wide singletrack forest road, to derive plantable area (BC
Ministry of Forests 2002). Road beds were assumed to have received necessary mechanical treatments for
planting to address soil compaction issues as a part of the tree planting activities (Lacerte et al 2021, St-Pierre
et al 2021). While road beds can be much less productive than surrounding areas if untreated, with
appropriate restoration and soil decompaction, productive tree growth can occur (Lacerte et al 2021). To
ensure tree planting was appropriate restoration for the identified disturbances, linear disturbances had to be
adjacent to or located on a pixel classified as treed in the land cover dataset for the year 2019.

Non-linear plantable areas were areas that met one of two conditions based on either land cover and land
use, or disturbance history. Areas considered plantable based on land cover/land use were areas classified as
exposed/barren land or shrubs in the land cover product for the year 2019 (Hermosilla et al 2018). No other
land cover types were considered plantable based on this rule. Areas classed as herbs (including grasslands)
bryoids, and all wetlands (including shrubby wetlands) were notably not considered as plantable areas under
this rule as these areas hold significant carbon stores, and that in many cases, afforestation of these areas may
result in a net carbon source rather than sink (Wulder et al 2008, Veldman et al 2015, Friggens et al 2020). To
recognize the distinction between land cover and land use, areas which met the land cover requirement, but
were considered forested in the forest mask- indicating they were forested areas which had recently been
disturbed- were not considered plantable, as they are expected to regrow naturally to a treed state.

In addition to areas considered plantable based on land cover/land use, to account for disturbed forests
where recovery could benefit from planting, areas were also considered plantable based on disturbance
history. All areas classified as forested in the forest mask but affected by natural disturbances (e.g. fire) that
had not recovered to a treed land cover class (conifer, deciduous, mixedwood, wetland-treed) within twenty
years were also considered plantable, regardless of land cover in the year 2019 (Bartels et al 2016, White et al
2017). Twenty years was chosen as a conservative threshold for areas where planting may be beneficial to aid
recovery, being roughly double the amount of time it takes on average for forests in this region to recover to a
forested state both structurally (Bartels et al 2016), as well as spectrally (White et al 2017). From this
plantable area, the caribou-focused and maximum-carbon AOs were derived. Additional information on
these rules is available in supplementary material figure 1.

The caribou-focused AO selects areas that have the potential to expand existing treed areas, rather than
creating isolated patches of new forests from the overall plantable area, as a proxy for high quality caribou
habitat. To this end, the woodland caribou AO was defined using the following criteria. Plantable area was
subset to pixels which were (i) within 5 km of a contiguous treed area over 5,000 ha, to ensure compactness
of planting areas, and (ii) not located in a BEC zone classified as alpine, recognizing that non-forested alpine
areas are important seasonal habitats for many woodland caribou populations in BC (Environment Canada
2014, Environment and Climate Change Canada 2020). To minimize edge effects, which increase predation
risk, (iii): only pixels which were arranged in a spatially contiguous patch of plantable pixels which were
greater than 5 ha were included in the AO (Dabros et al 2022). Additionally, to ensure that planting made a
contribution towards increasing the size of forested patches to one large enough to be beneficial to woodland
caribou (iv) these patches had to be adjacent to treed areas greater than 5,000 ha (Lesmerises ef al 2013).

The maximum-carbon AO for each herd selected areas of maximum productivity within each herd
range, to represent a planting strategy targeted towards locally maximal carbon sequestration. The purpose
of this AO is to inform on the maximum productivity within each herd range, to compare productivity
between herds, and to compare the potential productivity of caribou-focused planting strategies to local
maxima. To derive this AO, the most productive pixels in each herd range were selected, until an area equal to
the size of the caribou AO was obtained.
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3.3.2. Tree species parameterization and agreement assessment

The dominant tree species in each herd range was selected, resulting in a total of five species: Subalpine fir
(Abies lasiocarpa), Lodgepole pine (Pinus contorta), Engelmann spruce (Picea engelmannii), Black spruce
(Picea mariana), and Western hemlock (Tsuga heterophylla). Where available, 3PG parameters for each
species were selected from existing literature. When no 3PG parameter was found for a given species, we
utilized parameters for the most similar species of the same genus, modified to be more representative of the
species. Parameter files, sources, and modifications made are available in supplementary materials table 1.
Tree species chosen per herd are available in supplementary materials table 2. To ensure effective model
parameterization, modelled growth rates were compared with provincial site productivity information for
each species. To do so we used historical climate data from ClimateBC, and each species was modelled in
3PG to an age of 50 years, from 1970-2019 across the range indicated by the site productivity layer in BC.
Predicted diameter at breast height (DBH) was converted to height using existing DBH-height allometric
equations from the literature. Equations for Subalpine fir, Lodgepole pine, Engelmann spruce, and Western
hemlock were sourced from Zhang et al (1997), while the DBH-height equation for black spruce was sourced
from Peng et al (2004). Mean height across the species range was evaluated, as well as pixel-level root-mean
squared deviation (RMSD).

4, Results

4.1. Agreement assessment and validation

We found high agreement between 3PG estimated height growth at 50 years and the provincial site
productivity layer used for validation for all five tree species. The largest differences were found for subalpine
fir, with a root mean square deviation (RMSD) of 3.7 m (table 1). Mean estimated site index height for this
species was 14.7 m, while reported site index height was 16.4 m. The smallest disagreement was found for
black spruce, with a RMSD of 2.5 m. For Subalpine fir, Lodgepole pine, Engelmann spruce, and Western
hemlock mean 3PG-estimated site index height was lower than the reported site index height.

4.2. Modelling results

4.2.1. Province-wide results

Province wide, under the moderate SSP2 scenario and long time-horizon of 2100, planting in the
maximum-carbon AO sequestered an average of 1062 Mg CO, - ha~! planted, planting in the
caribou-focused AO sequestered an average of 930 Mg CO, - ha™!, and planting in the linear AO
disturbances sequestered an average of 734 Mg CO, - ha™!. This sequestration increased to 1138 Mg

CO; - ha™!,991 Mg CO, - ha~! and 753 Mg CO, - ha™! respectively in SSP5. Across all timeframes and
SSPs, planting in the maximum-carbon AO sequestered the most carbon per hectare planted, followed by the
caribou-focused AO (12%—-14% less carbon than the carbon-focused AO), with the linear disturbance AO
having the lowest sequestration potential per hectare planted (30%—-33% less carbon than the
carbon-focused AO).

4.2.2. Warming impacts

Median sequestration per hectare planted increased slightly from SSP2 to SSP5 for all ecotypes of caribou
other than Boreal (figure 2). Mean sequestration in 2100 for the maximum-carbon AO increased by between
5% and 7% for all ecotypes except for the Boreal, where it decreased by 0.5% between SSP2 and SSP5.
Similarly, sequestration increased between SSP2 and SSP5 in 51 out of 55 herds, with the only herds showing
a decrease being those where black spruce was the planted species. Variation between ecotypes and herds
remained similar in each warming scenario. For the remainder of the results section, sequestration values will
be only reported for SSP2, with herd-level values for all three SSPs, as well as plantable area per herd available
in supplementary materials tables 3,4,5,6.

4.2.3. Sequestration by ecotype
Sequestration potential was highest within Southern Mountain caribou range across all AOs and timeframes.
All three groups of Southern Mountain caribou had similar levels of potential sequestration in 2050, ranging
from 419.6 Mg CO, - ha™! for the Northern group, to 456.8 Mg CO, - ha~! for the Central group in the
maximum-carbon AO. By 2100, differences between the groups increased, with the Northern group
sequestering 1002.6 Mg CO; - ha~!, and the Central and Southern groups respectively sequestering 1261.0,
and 1266.4 Mg CO; - ha~! in the maximum-carbon AO (table 2, figure 3).

Northern ecotype caribou showed slightly lower sequestration potential relative to Southern Mountain
ecotype caribou. In 2100, in the maximum-carbon AQO, Northern ecotype caribou had a sequestration
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Table 1. Mean 3PG estimated site index height compared to mean reported site index height in meters for all 5 modelled tree species, as
well as associated differences.

Species Number of herds Mean height 3PG (m) Mean height site index (m) RMSD (m)
Subalpine fir 27 14.7 16.4 3.7
Lodgepole pine 13 16.7 18.4 3.5
Engelmann spruce 7 13.1 14.8 2.7
Black spruce 7 12.9 10.5 2.5
Western hemlock 1 21.4 22.2 2.8
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Figure 2. Carbon sequestration impacts of planting in the caribou-focused area of opportunity in 2100 for all herds, across
ecotypes and warming scenarios.

potential of 932.0 Mg CO; - ha~! planted, compared to the 1002.6 Mg CO, - ha™! planted for Southern
Mountain Northern group caribou.

Boreal ecotype caribou showed the lowest sequestration potential of all ecotypes across all planting
strategies and eras. In 2100, for the maximum-carbon AQ, they had a sequestration potential of 368.1 Mg
CO, - ha™! planted, over 3 times lower than the same values for the Southern Mountain Central and
Southern Mountain Southern groups.

Potential sequestration between all caribou ecotypes other than Boreal was similar in 2050, and
differentiated more by 2100 (figure 4). In 2050, for the maximum-carbon AO, the difference in potential
sequestration between Northern ecotype caribou (lowest potential sequestration other than Boreal) and the
Southern Mountain Central group (highest potential sequestration) was only 69.7 Mg CO, - ha™!. However,
by 2100, the difference between the ecotype with the lowest potential sequestration, and the highest potential
sequestration (Northern ecotype and Southern Mountain Southern group, respectively), rose to 334.3 Mg
CO; - ha™! planted. This pattern is also apparent on a herd level, with many herds across the province
showing similar levels of potential sequestration in 2050, but a much wider gap in sequestration levels by
2100 (figure 4).
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Table 2. Total carbon sequestration in Mg CO; - ha™! planted for Linear, Caribou, and Carbon focused planting strategies in 2050, and
2100, in SSP2.

Total capture 2050 Total capture 2100
Size (ha) Mg CO; - ha™! Mg CO; - ha™!
All

Plantable  Linear  Caribou/Carbon  Linear Caribou Carbon Linear Caribou Carbon
Ecotype Area AO AO AO AO AO AO AO AO
Boreal 138 657 99452 7121 120.1 113.8 127.4 347.5 329.2 368.1
Northern 3585982 27252 1187899 316.7 340.7 387.1 724.6 801.0 932.0
Southern 1321416 54 823 78792 339.5 348.6 419.6 783.6 813.6 1002.6
Mountain
Northern
Southern 260585 29517 418561 386.2 400.5 456.8 998.1 1091.2 1261.0
Mountain
Central
Southern 1491630 95816 888 756 381.1 388.7 434.1 1040.8 1126.4 1266.4
Mountain
Southern
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Figure 3. CO, Sequestration per woodland caribou ecotype by 2100 for SSP2, comparing Linear, Caribou, and Carbon AO.

4.2.4. Sequestration by area of opportunity

Boreal caribou and Southern Mountain southern group caribou had the smallest difference between the
caribou-focused and maximum-carbon AO, with the caribou AO sequestering 11% less carbon than the
maximum-carbon AO by 2100. For other ecotypes, the caribou-focused AO sequestered between 13%
(Southern Mountain Central group) and 19% (Northern ecotype) less carbon per hectare planted by 2100
(figure 3). Percentage difference in sequestration between the AOs remained consistent between 2050 and
2100.
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Figure 4. CO; Sequestration in Mg CO; - ha™! planted by herd, for caribou area of opportunity in (A): 2050, and (B): 2100 in
SSP2.

Boreal woodland caribou showed the smallest difference in potential sequestration between the
maximum-carbon and linear AO, with the linear AO sequestering only 6% less CO, per ha planted by 2100
compared to the maximum-carbon AO. This was the only ecotype for which the linear AO was more
productive than the caribou AO, with the linear AO sequestering 6% more carbon than the caribou AO. For
other ecotypes, planting linear disturbance was found to have between 18% and 22% lower sequestration
potential when compared to the maximum carbon AO and between 4% and 10% when compared to the
caribou AO (figure 3)

4.2.5. Herd-level variability in relative sequestration

A large amount of variation was observed between herds within the same ecotype when comparing the
relative sequestration impacts of different AOs (figure 5). While at an ecotype level, for all ecotypes other
than the Boreal, the linear AO sequestered less carbon than the caribou AQ, in fifteen herds, the linear AO
was more productive than the caribou AO, sequestering between 0.1% and 21% more carbon. For one herd
(Frisby Boulder) the linear AO was more productive than the maximum-carbon AO by 5%.

For all but one Boreal herd, percentage difference in sequestration between AOs was relatively similar
with the Caribou AO sequestering between 7% and 8% less carbon than the maximum-carbon AO, and the
linear AO sequestering 7% less carbon than the maximum-carbon AO. However, the Westside-Fort Nelson
herd had much lower sequestration in the caribou AO and much higher sequestration in the linear AQ, with
the caribou AO sequestering 22% less carbon than the maximum-carbon AQO, and the linear AO sequestering
only 1% less carbon.

The Northern ecotype displayed a similar pattern to the Boreal, with all but one herd sequestering
between 7% and 16% less carbon in the caribou AO than the maximum-carbon AO. In the Finlay herd,
however, the caribou AO sequestered 26% less carbon than the maximum-carbon AO. The linear AO had a
large amount of variability in relative productivity between herds, ranging from 7% lower than the
maximum-carbon AO for the Liard Plateau and Pink Mountain herds, to 45% lower for the Finlay herd.

For Southern Mountain southern group caribou, the percent decrease in sequestration between the
caribou AO and the maximum-carbon AO in 2100 was relatively consistent, and for all but three herds
ranged from 6% to 12%. The difference in sequestration between the linear AO and the maximum-carbon
AO however was more variable, with the linear AO ranging from being 5% more productive than the
maximum-carbon AO in the Frisby Boulder herd (the only with an observed increase) to 30% less
productive for the Columbia South herd. Southern Mountain central and northern group herds showed
similar patterns, with the percent difference between the maximum-carbon AO and the caribou AO being
less variable than percent difference with the linear AO.

4.2.6. Herd exemplar

Figure 6 provides a spatial example of potential sequestration by 2100 at the herd level for the Takla herd.
The herd has the lowest productivity of any Southern Mountain Central group herd with a potential
sequestration of 822.3 Mg CO, - ha™! planted by 2100 in the maximum-carbon AO. For this herd, the linear
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Figure 5. Sequestration in caribou and linear AOs by herd in 2100, for SSP2, colour indicates herd ecotype, dashed line indicates
1:1 line.

AO was more productive than the Caribou AO, sequestering 732.5 Mg CO, - ha™! planted by 2100,
compared to 593.6 Mg CO, - ha~! planted. The caribou AO for this herd is much less productive than the
maximum-carbon AO, sequestering 28% less carbon by 2100, compared to the 13% decrease from the
maximum-carbon AO to the caribou AO seen in the ecotype as a whole. The linear AO by contrast, had a
much smaller than average decrease, being only 11% less productive than the maximum-carbon AO,
compared to the 21% average decrease for the ecotype.

5. Discussion

5.1. Impacts of planting priorities on sequestration potential

The results of our analysis indicate that there is high potential for co-benefits between caribou habitat
restoration and carbon sequestration. By 2100, for all ecotypes of caribou, the caribou-focused AO
sequestered only between 11% and 19% less carbon than the maximum-carbon AQ. This relatively small
decrease in carbon sequestration observed between the maximum carbon sequestration possible in a herd
range, and the carbon sequestration from caribou-focused planting indicates that for most herds there is
likely little loss in carbon sequestration from incorporating caribou habitat requirements into planting
strategies, especially in the ranges of Southern Mountain Southern group, and Boreal ecotype caribou, where
the decrease was only 11%.

While linear disturbance restoration is a fundamental component of woodland caribou habitat
restoration, our findings indicate that there is a much greater difference in sequestration levels between
planting initiatives focused solely on linear disturbance and those focused on carbon for all ecotypes of
caribou other than Boreal (Serrouya et al 2020, Dickie et al 2023b). Planting in linear disturbances typically
resulted in a much larger reduction in sequestration compared to planting in the caribou-focused AO.

In more forestry-dominated ecotypes of woodland caribou, such as the Southern Mountain groups, this
lower observed productivity is possibly because the main linear disturbances are resource roads, which are
often located towards the bottoms of valleys, which receive less solar radiation, decreasing productivity for
the dominant species on the landscape (Dodson 2021, Nagy-Reis et al 2021). For many herds, especially
those where subalpine fir was the selected species, it may also be due to the fact that the selected tree species
for the herd is more suited for growth at higher elevations, and thus was not as suitable for these lower-valley
locations. In contrast, for herds in the Boreal ecotype, where the main linear disturbance is from seismic
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Figure 6. Exemplar map of carbon accumulation in Mg CO, - ha™! planted by 2100 for the Takla caribou herd in (B):
maximum-carbon area of opportunity, (C): caribou-focused area of opportunity, and (D): linear area of opportunity. (A): shows
a Landsat composite of the herd range.

lines, which are less affected by this topographic variation, the linear AO was in fact more productive than
the caribou AO.

Productivity on linear disturbances may be lower than modelled if costly site preparations are not
undertaken, as the creation of these features leads to issues such as soil compaction, which have been shown
to reduce plant growth on linear disturbances by a large degree (van Rensen et al 2015, St-Pierre et al 2021).
This has also been shown to result in a corresponding decrease in efficacy as habitat restoration for caribou
(Tattersall et al 2020). When mechanical site preparation has been accomplished however, growth rates can
be similar to non-compacted areas (Lacerte et al 2021, St-Pierre et al 2021)

Unlike other ecotypes, we found very similar levels of potential carbon sequestration for Boreal caribou
between the three differing areas of opportunity. This indicates that while overall productivity is much lower
for this ecotype, if tree planting initiatives are undertaken in these areas, there is large opportunity for
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co-benefits by incorporating caribou habitat restoration goals into planting strategies. The similar
productivity observed between AOs is possibly due to more uniform limitations on growth resulting in less
variation. The boreal region of BC has much less topographic variability than in other regions, leading to
reduced variability in limiting factors to growth such as precipitation and temperature, in turn likely limiting
variation between AOs (Demarchi 2011).

5.2. Impacts of climate scenarios on sequestration potential

As warming scenarios increased in warming intensity from SSP2 (~2.7 °C warming) to SSP5 (~4.4 °C
warming), for most herds, we found that the potential productivity of planted trees is likely to increase by a
small amount. This observed increase in productivity across warming scenarios indicates that for most
woodland caribou herds in BC, the currently dominant tree species will likely still remain a productive choice
no matter the warming scenario. These findings are consistent with previous research which has indicated
that at a broad scale, BC is expected to become warmer and wetter with more severe climate change (Gayton
2008), which may prove advantageous for some tree species (Latta et al 2010, Coops and Waring 2011).

The only tree species considered which saw a decrease in productivity in warmer climate scenarios was
black spruce, For four out of seven herds where black spruce was planted, productivity slightly decreased
across warming scenarios. This indicates that in more severe climate scenarios, black spruce will become a
less-appropriate species to plant for these herds in BC. This is consistent with other studies which have
indicated that more severe climate change is likely to negatively affect black spruce productivity at the
south-western edge of its range (Lesven et al 2024). It is likely that given climate change, other species may
need to be chosen to plant in many areas of this region, based on site-specific considerations, and that these
other species may be more productive on a given site.

To account for potential upwards shifts in productivity and treeline due to climate change, alpine areas
were considered to be plantable area in the maximum-carbon AO (Davis et al 2020). As the
maximum-carbon AO only selected the most productive areas from the total plantable area, these alpine
areas were only included in the AO if they were projected to be highly productive in future climate scenarios,
given that major constraints on treeline in BC are often driven by climatic variables (Griesbauer and
Bevington 2024). While potentially undesirable from an ecological perspective, including for caribou
conservation (Duncan 2015), the goal of the maximum-carbon AO was to represent the maximum possible
carbon sequestration in an area, to represent an upper bound against which the caribou and linear AO could
be compared, not to act as a recommendation that all areas considered in this AO be planted.

5.3. Impacts of ecotype on sequestration potential

Following an expected productivity gradient, herds located in the southern regions of the province tended to
have higher sequestration potential than those located in the north, with the Southern Mountain southern
and central groups showing the highest sequestration potential of any ecotype for all planting strategies.
Additionally, Southern Mountain southern group caribou had the lowest decrease in productivity between
planting for maximum-carbon and planting for caribou habitat.

Boreal ecotype caribou showed the lowest sequestration potential of any ecotype, with over 3 times lower
sequestration potential than the next lowest ecotype. It is important to note that this does not indicate that
this ecotype of woodland caribou should be the lowest priority area for planting efforts, given their
threatened status, and the large amounts of disturbance affecting them (Hebblewhite 2017, BC Caribou
Recovery Program 2021) rather this simply indicates that the magnitude of potential carbon sequestration
when planting in this ecotype is lower than other regions.

The timeframe considered had a large impact on the differences in sequestration levels between ecotypes.
In 2050, there was only a difference of 329 Mg CO, - ha™! planted between the most productive, Southern
Mountain central group, and the least productive Boreal ecotype. For many policymakers, 2050 may be the
most salient target year, in alignment with Canada’s commitment to net-zero emissions by 2050 (Canada
2020), and the relatively similar sequestration levels between herds would likely indicate that even if
sequestration was the main objective of a planting program, other factors such as a herd’s population and
disturbance status may have a larger influence on decision-making, as sequestration is likely to be relatively
similar. However, by 2100, the gap in potential sequestration rose to 892 Mg CO, - ha~! planted, and would
indicate that if sequestration was a main goal of a planting project, herd and ecotype choice would be a more
important variable.

Our findings indicate that tree planting in caribou range in BC could make an important contribution to
Canada’s commitment to net-zero emissions by 2050. For example, if one tenth of the Caribou AO (258,113
ha) was planted in each ecotype range across BC, our results indicate that 94.6 Mt of CO, would be
sequestered by 2050, for context, equivalent to roughly one seventh of Canada’s 2023 emissions of 694 Mt of
CO,e (Canada 2024). While only a fraction of one year’s emissions, this would still be a large contribution to
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Canada’s net-zero progress. Cost is likely the main limiting factor to these tree planting initiatives, given the
large area of opportunity considered.

5.4. Herd level variability in sequestration impacts

The observed herd-level variability in the sequestration impacts of differing planting strategies highlights the
importance of spatially-explicit, herd-level information on potential sequestration when designing planting
strategies to optimize co-benefits (Di Sacco et al 2021) as uniform approaches may overlook opportunities
for optimizing both habitat restoration and carbon sequestration at the herd level.

For example, while for 54 out of 55 herds, planting in the linear AO sequestered less carbon than the
maximum-carbon AQ, for the Frisby-Boulder herd, the linear AO was in fact slightly more productive and
for fifteen herds, the linear AO was more productive than the caribou-focused AO. This indicates that while,
in general, planting in linear disturbances is a less productive location than other options, for some herds the
opposite is true, and if a blanket decision to avoid planting linear disturbances for carbon was made,
opportunities for co-benefits could be lost.

The Takla herd highlights the importance of a local understanding of productivity when designing
planting strategies which can achieve co-benefits (Brancalion and Holl 2020). While planting for
high-quality caribou habitat in this herd range had very low sequestration potential, planting over linear
disturbances had relatively high sequestration potential, opposite of what is typical for herds of this ecotype.
This is likely due to the fact that most of the linear disturbances for this herd are found at lower elevations in
the southwest of the herd range, while most of the plantable area for high-quality caribou habitat was found
in higher elevation, less-productive areas in the north and southeast. This indicates that under climate
change, these higher elevation areas in the herd range are unlikely to increase in productivity, and that a
planting strategy for this herd aiming for co-benefits would therefore likely prioritize planting in linear
disturbances instead of the caribou AO.

5.5. Challenges and opportunities

While future climate scenarios were incorporated into the growth model utilized, uncertainty in future
climate may impact the conclusions of this work. Climate data was input as 30 year normal in the modelling
process, and thus the mortality-related impacts of extreme weather events such as flooding or extreme heat
were not evaluated (Gayton 2008). Similarly, mortality due to stand-replacing disturbances, such as fire or
harvesting, is not a component of the model utilized, and was thus not evaluated. With increasing climate
change, disturbance levels are expected to increase significantly, and thus it is possible that many planted
areas will experience mortality due to fire (Parisien et al 2023). Long term estimates of sequestration
potential outlined in this work could therefore be higher than actuality due to mortality. Incorporating
stand-replacing disturbances could improve future works, but would require intensive modelling of burn
probability such as that undertaken in Mulverhill ef al (2024) to accomplish in a spatially-explicit manner
compatible with the methods utilized in this study.

The focus of this study was on evaluating the impacts of planting a single, locally common, tree species
per herd range. It is possible, and for some herds likely, that land managers may choose to plant other tree
species, which may have differing carbon-sequestration implications (DellaSala et al 2022). Differing
warming scenarios may also change growth rates of species at differing rates (Coops and Waring 2011).
Additionally, it is likely that a singular tree species would produce suboptimal sequestration results when
planted across an entire herd range, especially across elevation gradients. Future work could assess the
impacts of planting different species, and determine the best species to plant per location and climate
scenario. Similarly, future works could investigate the effects of planting a mix of species per location.
Planting a mix of species is an important consideration for habitat restoration and ecological needs, and has
also been shown to reduce fire risk depending on species composition (Hély et al 2000, Brancalion and Holl
2020, Peris-Llopis et al 2024). As such, determining what mix of tree species is likely to grow best in differing
climate scenarios would be informative for land managers trying to design planting strategies. However, it
would require extensive parameterization and validation of each species for the 3PG model outside the scope
of this work.

The AOs used to identify planting areas in this study were broad, in order to capture the full variability in
potential productivity in each area. Due to the unreliability of information on road use status in BC, all linear
disturbances in the linear AO were considered to be plantable, regardless of use status. The total plantable
area in the linear AO is likely lower than considered in this work due to this assumption, as sequestration
potentials are reported on a per-hectare planted basis however, this larger area is unlikely to have a large
effect on results.

The lack of comprehensive soil fertility values across BC required that fertility information for a large
percentage of pixels be inferred from average fertility in the local area. However, as a large portion of these
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areas requiring infilling are areas with very low natural fertility, such as exposed or barren land, it is likely
that this approach may over-estimate soil fertility in these regions, resulting in an overprediction of forest
productivity.

While considered separately in this work in order to elucidate the impacts of differing potential priorities,
in practice, a combination of these AOs would likely be planted. When designing planting programs,
managers will likely need to make restoration decisions based on factors not considered in this work,
including land ownership, and more detailed assessments of caribou ecological needs (Ray 2014). Managers,
for instance, may utilize stand age, critical habitat maps, or radio-collar data to identify key areas for planting
which would have the highest positive impact on caribou habitat (Dickie et al 2023a). Additionally, with
limited resources, land managers will need to determine priorities for restoration, deciding between targeting
restoration to the most threatened herds versus those more likely to persist. Climate change is also likely have
an impact on woodland caribou habitat utilization and location, which managers will need to take into
account when designing these strategies (Dawe and Boutin 2016, Neilson et al 2022).

6. Conclusion

We evaluated the carbon sequestration impacts of tree planting in woodland caribou habitat in BC, and
compared the impacts of planting purely for carbon, planting informed by woodland caribou habitat needs,
and planting to restore linear disturbances. We found that tree planting in the range of Southern Mountain
southern and central group caribou was likely to sequester the most carbon, and that planting in Boreal
ecotype caribou range was likely to sequester the least carbon. For most woodland caribou ecotypes, we
found relatively low tradeoffs of 11%—-19% between planting informed by woodland caribou habitat needs
and planting purely for carbon, and larger tradeoffs of 18%-22% between planting as linear disturbance
restoration and planting for carbon. Large variation between herds of the same ecotype in sequestration
levels in the differing AOs was found, highlighting the importance of spatially-explicit, herd level
information for designing planting strategies that maximize co-benefits. Restoring habitat for caribou is not
only critical for recovery of this threatened species, but can also provide significant benefits for climate
mitigation. Similarly, planting trees for carbon sequestration can be tailored toward threatened species
recovery with minimal loss of benefit, if native species are planted and logging ceases. These two
management goals are typically considered separately but our work highlights how they can be brought
together to maximize multiple benefits simultaneously for managed landscapes.
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