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Abstract

Natural disturbances exacerbated by novel climate regimes are increasing worldwide,
threatening the ability of forest ecosystems to mitigate global warming through car-
bon sequestration and to provide other key ecosystem services. One way to cope
with unknown disturbance events is to promote the ecological resilience of the forest
by increasing both functional trait and structural diversity and by fostering functional
connectivity of the landscape to ensure a rapid and efficient self-reorganization of
the system. We investigated how expected and unexpected variations in climate and
biotic disturbances affect ecological resilience and carbon storage in a forested region
in southeastern Canada. Using a process-based forest landscape model (LANDIS-II),
we simulated ecosystem responses to climate change and insect outbreaks under dif-
ferent forest policy scenarios—including a novel approach based on functional diver-
sification and network analysis—and tested how the potentially most damaging insect
pests interact with changes in forest composition and structure due to changing cli-
mate and management. We found that climate warming, lengthening the vegetation
season, will increase forest productivity and carbon storage, but unexpected impacts
of drought and insect outbreaks will drastically reduce such variables. Generalist,
non-native insects feeding on hardwood are the most damaging biotic agents for our
region, and their monitoring and early detection should be a priority for forest au-
thorities. Higher forest diversity driven by climate-smart management and fostered
by climate change that promotes warm-adapted species, might increase disturbance
severity. However, alternative forest policy scenarios led to a higher functional and
structural diversity as well as functional connectivity—and thus to higher ecological
resilience—than conventional management. Our results demonstrate that adopting
a landscape-scale perspective by planning interventions strategically in space and
adopting a functional trait approach to diversify forests is promising for enhancing
ecological resilience under unexpected global change stressors.
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1 | INTRODUCTION

Forests are crucial ecosystems providing a large array of key ecosys-
tem services for human wellbeing (Brockerhoff et al., 2017; Daniel
et al., 2012). The rapid, direct, and indirect cumulative effects of
climate change—for example, shifting temperature ranges, precip-
itation patterns, and CO, concentration—are affecting forest eco-
system processes in many different ways (Boulanger et al., 2017,
Elkin et al., 2013; Mina et al., 2017; Seidl et al., 2017). Specifically,
wildfires, hurricanes, droughts, insects, and pathogen outbreaks
promoted by novel climate regimes are increasing in frequency and
magnitude worldwide, threatening the ability of forest ecosystems
to mitigate global warming through carbon sequestration and to
maintain a stable provision of many other ecosystem services (Beck
et al., 2011; Millar & Stephenson, 2015; Thom & Seidl, 2015).

Biotic disturbances such as insect pests have already caused
severe ecological and economic damage to forests worldwide
(Canelles et al., 2021; Gandhi & Herms, 2010). For some regions,
such as in eastern North America, the impact of invasive insect pests
is by far the most pressing and imminent ecological threat (Lovett
et al., 2016). Due to global trade and higher habitat invasion rates,
northeastern forests have the largest concentration of non-native
insects on the continent (Liebhold et al., 2013). Insect pests have the
capacity to shape forest structure and dynamics as well as reduce
forest biomass with subsequent negative effects on net terrestrial
carbon sequestration (Fei et al., 2019; Peltzer et al., 2010; Quirion
et al., 2021). Climate change is increasingly allowing native and inva-
sive pests to expand their ranges in regions previously unsuitable for
them to establish and thrive (Lehmann et al., 2020; Lesk et al., 2017).
Although major advancements have recently been made to forecast
invasions and impacts (Candau & Fleming, 2011; Mech et al., 2019;
Stadelmann et al., 2013), predictions aiding long-term management
planning remain highly uncertain, and usually include a wide range of
possible unexpected directions.

In the absence of definite projections, one way to cope with unpre-
dictable outcomes is to promote the resilience of forest ecosystems
to multiple stressors at multiple spatial and temporal scales (Standish
et al., 2014). Although most ecology studies focus on resilience in its
classic definition (i.e., engineering resilience, namely recovery in time
of the pre-disturbance state; see Duveneck & Scheller, 2016), recent
advances suggest embracing the wider concept of ecological resil-
ience. This notion refers to the persistence of systems and their abil-
ity to maintain their functions, structures, and feedback in the face of
change. Due to the difficulty to quantify resilience as single response
variable, this property is usually quantified by using a holistic set of
indicators describing both the structure and functioning of the target
system when longer timescales and both press and pulse disturbances
are considered (Nikinmaa et al., 2020; Seidl et al., 2016). Additionally,
evaluating the spatial pattern of resilience has also been considered
extremely relevant to its operationalization in forest management
treatments (Allen et al., 2016; Lucash et al., 2017).

Improving the ecological resilience of current forests to future dis-
turbances can be achieved by adapting landscapes in multiple ways.

First, one can increase the compositional, genetic, and functional trait
diversity of communities (Cadotte et al., 2011); tree communities with
a high mixture of traits respond differently to stressors enabling the
ecosystem to functionally persist despite perturbations (Mori et al.,
2013; Timpane-Padgham et al., 2017). Second, one can improve struc-
tural diversity, a predictor of key ecosystem functions such as produc-
tivity and nutrient dynamics (LaRue et al., 2019) that also plays a major
role in response to biotic disturbances (Sdnchez-Pinillos et al., 2019).
Finally, one can foster landscape-level functional connectivity (sensu
Auffret et al., 2017) as high potential trait dispersal ensures a rapid tree
recolonization of disturbed stands by seeds coming from the surround-
ing intact stands, contributing to a swift and efficient reorganization of
the system (Aquilué et al., 2020; Craven et al., 2016). Combining the
use of trait- and network-based indicators at different spatial scales,
forest landscapes can be represented as functional networks, driving
a strategic planning of policies and management treatments at multi-
ple levels—from local to landscape to regional—to enhance long-term
ecological resilience (Messier et al., 2019). Forest ecosystem dynamics
across large spatial extents develop over decadal to centennial times-
cales, making response to change and to adaptation measures only
apparent after long time spans between the establishment of tree
species—natural or artificial—and stand maturity.

Evaluating the long-term impact of environmental change
and potential adaptations can be addressed with simulation mod-
els, which have become pivotal tools in forest resilience research
(Albrich et al., 2020; Shifley et al., 2017). Thanks to their spatially
explicit feature and ability to capture complex ecological processes
and interactions, mechanistic landscape models are powerful tools
to assess future forest resilience in terms of structure, composition,
and functioning (Gustafson, 2013; Keane et al., 2018). Furthermore,
landscape simulation modeling coupled with network analysis has
recently been shown to be a valuable approach for evaluating man-
agement adaptations to increase forest resilience to global change
(Mina et al., 2021). Although studies at the global scale are essential
to investigate worldwide trends of environmental change (Cook-
Patton et al., 2020, e.g., McDowell et al., 2020), evaluating adap-
tation measures requires robust assessments at both the regional
and landscape extents, which are the most relevant scales based
on which policy design and management interventions are typically
planned and applied (Halofsky et al., 2018; Verburg et al., 2013).

Here, we apply LANDIS-II (Scheller et al., 2007) to examine the
ecological impact of global change drivers, namely, climate change
and biotic disturbances, on forest functional and structural diversity,
as well as carbon storage relevant for long-term ecological resilience
within a temperate forest landscape. We address three questions:
(1) How do expected (e.g., climate change projections, established
insect pests, etc.) and unexpected (e.g., unforeseen drought events,
new invasive insects, etc.) variations in climate and biotic distur-
bances affect ecological resilience and forest carbon storage? (2)
What are potentially the most damaging insect pests to forests and
how do they interact with changes in forest composition and struc-
ture due to climate change and management? (3) What regional for-
est policies are better suited to cope with unexpected disturbances
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and to increase long-term resilience to global change? We hypoth-
esize that: (1) climate warming and CO, enrichment will increase
forest productivity and carbon storage (Mina et al., 2021); (2) gener-
alist non-native insects attacking hardwood species will be the most
damaging biotic agents across our landscape (Pedlar et al., 2020);
insect susceptibility would increase with climate change but could
decrease when the landscape is diversified via forest management
interventions (Castagneyrol et al., 2014); and (3) tree functional
trait diversification, with assisted migration of some tree species,
strategically placed in the landscape using network analysis would
provide higher resilience to global change stressors than traditional
approaches (Messier et al., 2019; Mina et al., 2021).

2 | MATERIALS AND METHODS

2.1 | Studyarea

We conducted our study in Centre-du-Québec, Southeastern
Canada (45°350 N-46°340 N, 72°590 W-71°220 W, Figure 1). This
692,600-ha region is located between the northern extent of the
Appalachians Mountains and the St. Lawrence River and is a rural
mosaic of forest stands, agriculture, and development that is typical
for temperate biomes worldwide (forest covers about 50% of the sur-
face; 355,300 ha). The climate is humid continental, with a large sea-
sonal temperature range (mean temperature: annual 5.1°C, January

-11.7°C, July 19.5°C) and relatively abundant annual precipitation
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without a dry season (historic mean about 1100 mm y™2). Vegetation
is typical of Mixedwood Plains and Atlantic Maritime terrestrial
ecozones (Marshall et al., 1996), transitioning from northern hard-
woods to mixedwood with the presence of southern boreal conifers
(Table 1). Past forest management and land use have made forests
younger and increasingly dominated by mid-seral hardwoods com-
pared to presettlement conditions (Dupuis et al., 2011). The most
abundant tree species are red maple (Acer rubrum), sugar maple (Acer
saccharum), balsam fir (Abies balsamea), and yellow birch (Betula al-
leghaniensis; see Table S1 for all species). The landscape is predomi-
nately privately owned (93%), and many ecosystem services are
highly dependent on tree communities (e.g., timber, maple syrup
production, biodiversity, and recreation). Forests of this region
have been relatively unaffected by major natural disturbances (e.g.,
wildfire, windstorms, and insects) since the beginning of the 1900s
(MFFP, 2017). However, introduction and spread of non-native in-
sects and diseases are a main concern for forest managers in eastern
Canada, particularly under rapid climate change conditions, making
northern forests more vulnerable to a wider range of biological in-
vaders (Lovett et al., 2016; Weed et al., 2013).

2.2 | Model description and parameterization
LANDIS-Ilis a spatially explicit forest landscape model that simulates
forest successional processes in interconnected grid cells, integrat-

ing stand- and landscape-level processes (succession, disturbances,

Crop

. Urban

Water

FIGURE 1 (a)Centre-du-Québec study area (inset location within southern Quebec and Maritime Provinces). (b) A sugar maple - yellow
birch forest in southern Quebec (photo: M. Mina). (c) A typical landscape across the region (photo: Flickr, D. Bull CC BY-NC-ND 2.0)
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TABLE 1 Listof tree species by functional groups and key characteristics. Species in bold are those currently present in the region.
Details on functional traits and clustering are given in the Supporting Information

Functional group Species

CON-Bor Abies balsamea, Picea abies, P. glauca, P. mariana,
strobus, Thuja occidentalis, Tsuga canadensis

Key characteristics

P. rubens, Pinus Conifers, late seral, intermediate to drought
intolerant

CON-Pin Pinus resinosa, P. rigidab, P. taeda® Conifers, early seral, drought tolerant

NHW-Es Betula alleghaniensis, B. lenta®, B. papyrifera, B. populifolia, Prunus Northern hardwoods, early to mid-seral
serotina®

NHW-Ms Acer rubrum, A. saccharinum®, A. saccharum, Fagus grandifolia, Ulmus Northern hardwoods, mid to late seral,
americana® resprout

NDC-Es Larix laricina, Populus grandidentata, P. tremuloides Northern deciduous, early seral, low seed

mass

CHW-Ms Carya cordiformisb, Fraxinus americana, Juglans nigra?®, Liriodendron Central hardwoods, mid seral, tap root,
tulipiferab, Tilia americana® resprout

CHW-Dt Carya glabra®, Q. alba®, Q. coccinea®, Q. macrocarpa?, Q. rubra®, Q. Central hardwoods, early seral, drought

velutina®

2Species planted in CCA and FDN.
bSpecies planted in FDN only.

tolerant, high seed mass
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FIGURE 2 Conceptual diagram illustrating the main direct and indirect interactions between LANDIS-II extensions, their internal
components, inputs, and model outputs used in this study. The internal components of PnET-Succession are simplified (details in de Bruijn

etal., 2014)

management), which drive forest landscape dynamics (Scheller
et al., 2007). Trees are grouped into individual species-age cohorts.
Individual tree parameters govern growth patterns and competition
for resources in each raster cell as well as dispersal from mature co-
horts in nearby cells. The landscape is categorized into climatically

and edaphically similar ecoregions, and management units, each with
a unique set of parameters defining how the simulated dynamics in-
teracts with climate and disturbances. The model has been widely
applied and evaluated for multiple landscapes in North America
(Boulanger et al., 2019; Creutzburg et al., 2017; Duveneck et al.,
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2017). Details of the parameterization, calibration, and evaluation of
LANDIS-Ilin this study area were previously published by Mina et al.
(2021). See Figure 2 for an overview of the simulation framework of
this study and Supporting Information for methods and data used to
parameterize ecoregions and initial forest composition.

To simulate forest succession—regeneration, growth, competi-
tion, and mortality—we used the PnET-Succession v3.4 extension
(de Bruijn et al., 2014). This LANDIS-1l extension incorporates direct
links between climate drivers and tree species cohort net primary
productivity based on physiological first principles of photosynthe-
sis and respiration (Aber et al., 1995); it represents a mechanistic ap-
proach to simulate forest dynamics in landscape models, and thus, it
is well suited to model responses to novel environmental conditions.
Growth rates of specific cohort biomass components (e.g., root,
foliage, wood, and non-structural carbon) are simulated as a func-
tion of foliar nitrogen concentration and monthly photosynthesis is
computed by means of multipliers reducing optimal growth condi-
tions due to competition for water and light in each grid cell. Growth
increases with atmospheric CO, concentration, but it decreases as
cohorts approach their longevity age or when carbon reserve pro-
duction is insufficient to support growth due to shading and/or
water stress, and eventually leads to cohort mortality (Gustafson
et al., 2015). A bulk-hydrology model incorporating precipitation,
evaporation, runoff, and consumption by species cohorts tracks soil
water in grid cells. Light conditions are modeled by partitioning in-
coming radiation through multiple canopy layers at a monthly time-
step. In addition to a list of site- and species-specific parameters,
PnET-Succession requires average monthly minimum and maximum
temperature, precipitation, photosynthetically active radiation, and
atmospheric CO, concentration. Successful establishment of new
cohorts throughout the growing season depends on species-specific
establishment probabilities calculated at each timestep as a function
of distance from a seed source, climatic conditions, soil water, sub-
canopy light, and shade tolerance parameters.

Future forest dynamics were simulated with climate scenarios
based on standard Representative Concentration Pathway (RCP)

S i ey

emission scenarios (IPCC, 2013) as simulated by the Canadian
Earth System Model version 2 global circulation model (CanESMZ2;
Arora & Boer, 2010). We compared a scenario of contemporary cli-
mate, representing the continuation of normal climate conditions
(1961-2000), with three hypothetical future climates (Figure 3): (1)
moderate emissions (RCP 4.5: approximately +5°C mean annual
temperature in 2081-2100 relative to 1961-2000, slight increase of
annual precipitation, and intermediate rise in CO, levels; hereafter
Warm), (2) high emissions (RCP 8.5: approximately +8.5°C, slight
increase of annual precipitation, and drastic increase of CO, levels;
hereafter Hot), and (3) high emissions with an intensified drought
signal (RCP 8.5: +8.5°C, unsystematic reductions in annual precipi-
tation 2030-2150, and drastic increase of CO, levels; hereafter Hot-
Drought). Statistically downscaled regional climate projections for
our region were retrieved from the Innovation Cluster on Regional
Climatology Ouranos; see Ouranos (2015) for the detailed method-
ology. Regional climate projections at 10-km resolution were avail-
able until 2100. We did not extrapolate any trend beyond that year
and generated the 2101-2200 series by resampling temperature and
precipitation values from the period 2080-2100. For CO,, we used
the projected increase in carbon dioxide concentration provided by
the RCP 4.5 and RCP 8.5 emission futures (Riahi et al., 2007; Wise
et al., 2009). CO, concentrations increased from current conditions
at the start of the simulations to reach the levels estimated for 2100
(538 and 935 ppm, respectively). For the period 2101-2200, we
maintained CO, concentrations at the same level as 2100 in both
RCP projections. As no climate model predicted a decrease in pre-
cipitation for Southeastern Canada, Hot-Drought represents our
scenario of unexpected climate change. Further details are given in
Supporting Information, Figure S3 and in the Supporting data).

The effect of forest management treatments—harvesting and
planting—was implemented with the Biomass-Harvest extension
v4.3 (Gustafson et al., 2000). This LANDIS-II extension selects and
removes biomass based on user-defined prescriptions, determining
cohorts to harvest as well as the percentage of the area suitable for
harvesting/removal at each time step within a management unit.

Scen Contemporary Warm Hot == Hot-Drought
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FIGURE 3 Projected future mean annual temperature (a), accumulated precipitation (b), and atmospheric CO, concentration trends (c)
under the contemporary climate conditions and the three climate scenarios. Temperature and CO, for Hot-Drought were equal to Hot. Data

shown for one climatic zone within our study area (#1)
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Three management strategies were considered in our experiment:
business-as-usual (BAU), climate change adaptations (CCA), and
functional diversification network (FDN). BAU was designed to re-
flect conventional forest practices in the region, aimed at sustaining
current productivity and presenting compositional diversity in both
private and public forests. The CCA treatment represented adap-
tations of current practices given a changing climate. Its main goal
was to increase compositional diversity by intensifying stand har-
vesting and by promoting tree species considered better adapted to
awarmer climate via enrichment planting. The FDN treatment aimed
at not only enhancing compositional diversity but also widening the
spectrum of functional traits in tree communities and boosting func-
tional connectivity by prioritizing harvesting and assisted migration
across the landscape based on the principles of the functional com-
plex network approach (Messier et al., 2019). This approach consists
of assessing the functional attributes of each stand within the land-
scape and computing the spatial structure of the forest-stand net-
work to determine potential functional connectivity between stands
according to seed dispersal and tree establishment capacity to form
functional links (Aquilué et al., 2020). In this way, intervention can be
spatially prioritized to maximize their impact at the landscape scale
(Aquilué et al., 2021; Mina et al., 2021).

In BAU and CCA, the region was subdivided into management
units based on ownership, with silvicultural prescriptions applied in
both private and public forests (Figure S4). Treatment frequency re-
flected current harvest levels across the region (approximately 3%
each year, Table S3). In BAU, all stands were allowed to regener-
ate naturally except for replanting of conifers following a clear-cut
in timber plantations. In CCA, enrichment planting was executed
with six tree species considered more adapted to future climate,
which are currently present at low abundance in the target region
or being tested in experimental plantations in surrounding regions,
and therefore, well accepted by managers and practitioners (Table 1;
Table S3). In FDN, the landscape was instead divided into seven
noncontiguous management units characterized by different lev-
els of functional diversity and functional connectivity of tree com-
munities. Management units were ranked by priority, determining
the level of management effort in terms of harvesting and planting
(Figure S4). Treatment frequency varied by management unit and
was slightly increased compared to BAU and CCA (on average about
5% each year). This slight increased level of intervention was neces-
sary to allow enrichment planting of an additional ten species that
are currently absent in our landscape but present at regions further
south (i.e., Ontario and New England) and characterized by diverse
sets of functional traits (Table 1; see Supporting Information for the
list of traits and cluster analysis into functional groups). We excluded
the introduction of exotic and controversial species (e.g., American
chestnut). Details of functional traits are found in the Supporting
Information; Table S3 reports key parameters of silvicultural pre-
scriptions by management treatment (full detail in the LANDIS-II
input files available in the Supporting data (Mina, 2022)).

Insect outbreaks were modeled with the LANDIS-II Biological
Disturbance Agent extension v4.0 (BDA; Sturtevant et al., 2004).

This extension was developed to simulate tree mortality following
major outbreaks of insects and/or diseases (Boulanger et al., 2019;
Lucash et al., 2018; Scheller et al., 2018). Within BDA, multiple distur-
bance agents can be simulated concurrently, with outbreaks defined
by a predetermined temporal frequency (i.e., periodic with a mean
time between disturbance, chronic or random) and insect dispersal
distances. Susceptible hosts for each insect are defined in a look-up
table by tree species and cohort age, and disturbed landscape cells
are probabilistically selected based on host density at cell- and
neighborhood-levels. When a cell is disturbed, species and cohort
level mortality occur according to host susceptibility probabilities. In
this study, we considered two outbreak scenarios, namely Present
and Upcoming Insects. The Present Insects scenario included insects
that were already established in the region or recently detected,
such as spruce budworm (SBW, Choristoneura fumiferana), spongy
moth (SM; Lymantria dispar), and the emerald ash borer (EAB; Agrilus
planipennis). SBW is a native insect that attacks mostly boreal coni-
fers (e.g., balsam firand white spruce) in cyclical outbreaks. Spruce
budworm has not caused extensive defoliation in recent decades in
Centre-du-Quebec but the insect's population dynamics seem to
respond nonlinearly to environmental factors making projections of
future outbreaks highly uncertain (Boulanger et al., 2016). Spongy
moth is an exotic pest to North America that has been present in
Southern Quebec since the 1960s. This insect rapidly spread north-
wards and caused severe defoliation in eastern Canada in the early
1980s (Mauffette et al., 1983). No extended outbreaks have been re-
corded until recently, when defoliation caused by this moth increased
dramatically in Quebec and Ontario (from 47,000 ha affected in 2019
to 1.8 M ha in 2021; MNRF, 2021). Over the next 50 years climate
change is expected to drastically increase SM suitability range, dou-
bling or tripling the ecological and economic risk of invasion and dam-
age, particularly in hardwood forests (Régniére et al., 2009). The EAB
is a wood-boring beetle native to East Asia, feeding on ash species
(Fraxinus spp.) since its introduction to North America in the early
1990s. In a few decades, the insect has spread across the continent
killing tens of millions of ashes and having significant environmental
and economic impacts (Herms & McCullough, 2014).

Inthe Upcoming Insects scenario, besides the three already pres-
ent, we included three additional insects whose range might expand
into eastern Canada in the coming decades: Asian long-horned bee-
tle (ALB; Anoplophora glabripennis), hemlock woolly adelgid (HWA;
Adelges tsugae), and the mountain pine beetle (MPB, Dendroctonus
ponderosae). Although not yet reported in Quebec, the Asian long-
horned beetle is an exotic wood-boring pest attacking mostly maples
and other hardwoods trees further south of our region. Numerous
infestations are ongoing in the US, while in Canada it was first de-
tected in southern Ontario in 2003, it was quickly eradicated but
it was discovered again in the Toronto area in 2013 (Meng et al.,
2015). Given its highly destructive potential and generalist nature,
ALB is a forest pest of primary concern in eastern Canada (Pedlar
et al.,, 2020). On the other hand, the hemlock woolly adelgid is a
specialist non-native insect attacking mainly Eastern hemlock (Tsuga
canadensis). This aphid-like pest has already caused widespread
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mortality in hemlock stands across the US. It has recently estab-
lished in the Canadian Maritime provinces and is rapidly spreading
northwards by adapting to cold conditions, facilitated by increas-
ingly warmer winters under climate change (Emilson & Stastny,
2019; McAvoy et al., 2017). The mountain pine beetle is a wood-
borer native to western Canada that has already expanded beyond
its historical range and is predicted to spread eastwards through the
vast boreal forest (Cooke & Carroll, 2017; Cullingham et al., 2011).
The beetle's main hosts are western hard pines (Pinus ponderosa,
P. contorta), but boreal (P. banksiana) and eastern pines (P. strobus,
P. resinosa) are even more vulnerable due to little innate resistance to
colonization (Rosenberger et al., 2017). The Biological Disturbance
Agent extension was parameterized with data available from past
LANDIS studies and from multiple literature sources (Bjorklund &
Lindgren, 2009; Boulanger et al., 2017; Gustafson et al., 2020; Meng
et al., 2015; Scheller et al., 2018). Temporal outbreak interval, dis-
persal, initial epicenters, neighborhood and mortality probability pa-
rameters for the six simulated insects are shown in Table S5, with full
details given in the Supporting Information.

In addition to insects, we simulated the potential impact of
three invasive pathogens: beech bark disease (Cryptococcus fagi-
suga, Neonectria spp.), oak wilt disease (Bretziella fagacearum), and
thousand cankers disease (Geosmithia morbida). The first pathogen
is well established in Quebec and affects wood quality and vigor of
American beech (Fagus grandifolia). The last two pathogens affect
species of the Quercus and Juglans genera, respectively, and are not
yet present in Canada, but occur nearby in northern US. As our goal
was to emulate potential impacts on susceptible species (i.e., not ex-
plicitly simulate disease epidemics and forecast invasions), we imple-
mented pathogen disturbances with Biomass-Harvest by removing
part of the biomass of susceptible species across the landscape (see
details in Supporting Information). Details of BDA parameterization

can be found in Supporting Information and Figure S7.

2.3 | Experimental design and analysis

We conducted a factorial experiment by comparing management
treatments under selected combinations of climate and insect out-
break scenarios. The Present Insects scenario was simulated under
Warm and Hot climate, while Upcoming Insects was combined with
Hot-Drought, assuming that unpredicted climatic changes would re-
duce production of carbon-based defense compounds against biotic
disturbance agents, thus increasing the intensity of insect outbreaks
(Gely et al., 2020; Figure S7). This block design allowed us to ex-
plore ecological resilience indicators under an increasing level of un-
expected stress at the landscape level yet maintains the number of
scenarios at a manageable number (Table 2). Simulations were run on
a 1 ha grid (100 m cell side) over 190 years (2010-2200 both inclu-
sive) across >330,000 forested cells of the region. Simulations were
replicated five times to account for stochasticity from successional
dynamics, seed dispersal, regeneration, and outbreak events (total
of 75 model runs: 3 management treatments x 5 climate/insects x 5
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TABLE 2 Combination of climate, biotic disturbance, and
management scenarios analyzed. Scenarios are ordered by
increasing level of change and climatic/disturbance stress. All three
management treatments were simulated for each climate and insect
scenario combination (BAU, business-as-usual; CCA, climate change
adaptations; FDN, functional diversification network)

Climate Insects Management

Contemporary None BAU/CCA/FDN
Warm None BAU/CCA/FDN
Warm Present BAU/CCA/FDN
Hot Present BAU/CCA/FDN
Hot-drought Present + upcoming BAU/CCA/FDN

replicates). The Present Insects scenario was simulated within BDA
extension by allowing outbreaks of the three existing pests starting
at year 2020 until 2150, with a light to moderate intensity at the
landscape scale. In the Upcoming Insects scenario, light to moderate
outbreaks of SBW, SM, and EAB occurred between 2020 and 2040,
followed by cyclical high intensity outbreaks of all six insects from
2040 until 2150. Low-intensity pathogen disturbance with Biomass-
Harvest was simulated from 2040 until 2150. Outbreaks of existing
insects were assumed to start from the onset of simulations, as they
are already present in the region, while upcoming invasive insects
were simulated from 2040 supposing they would take a couple of
decades to invade the study region. No outbreaks were simulated
after 2150 to allow the landscape to recover follow disturbances.
To evaluate functional and compositional changes—as well as
carbon stocks—we examined mean aboveground carbon density
by species functional group, which was assumed to be % of the
aboveground biomass (Duveneck & Thompson, 2019). Since long-
term ecological resilience can be hardly evaluated using a single
response variable, we quantified it by calculating and visualizing
several landscape-level indicators averaged across all forested cells.
Functional diversity was computed as the exponent of the Shannon
diversity index (Jost, 2006) applied to the relative aboveground
biomass abundance of species functional groups in each stand and
calculated as follows: fdiv, = exp( - 2?21 p; - Iog(pi)), where n is the
total number of functional groups present in stand k and p; the rela-
tive abundance of functional group i within stand k. Clustering spe-
cies into functional groups (Table 1; Figure S5) offers a simple and
meaningful way to categorize species sharing similar sets of traits
and to guide management decisions to create functionally diverse
tree communities (Paquette et al., 2021). Functional diversity ranged
from 1 to n but, to facilitate its interpretation, we linearly rescaled it
to [0, 1] that is, minimum to maximum functional diversity, respec-
tively. As a measure of structural diversity, as our model does not
simulate individual tree diameter and height we used the mean num-
ber of age classes on forested cells as calculated from the Cohort
Statistics Output extension following (Gustafson et al., 2018). For
carbon storage, we used annual net primary productivity (here-
after NPP) as a direct indicator of the rate at which an ecosystem
accumulates aboveground carbon (Duveneck & Thompson, 2017).
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Additionally, net primary productivity is a key indicator of ecosys-
tem functioning and has been often used to evaluate ecosystem re-
sponse to climate change, as disturbances can have a direct impact
on this variable (Fahey et al., 2016). Computing functional connec-
tivity required representing the landscape as a functional network,
in which network nodes denote forest stands that are connected to
one another if at least one species—present in the stand with sexu-
ally mature cohorts—has seed dispersal capacity larger than the min-
imum Euclidian distance between the margins of the stands (Aquilué
et al., 2020). We built a functional network for each simulated sce-
nario and timestep as described in (Mina et al., 2021) and quantified
functional connectivity at the landscape scale using the equivalent
connectivity index (EC) weighted by the number of stands (Aquilué
et al., 2021). This index represents the capacity of maintaining func-
tional diversity across the landscape (Saura et al., 2011a). To explore
spatial susceptibility of the landscape to insect pests, we analyzed
the site resource dominance index (SRD), an output from the BDA
extension indicating cell susceptibility (O no susceptible hosts,
100 max susceptibility) to a disturbance agent. SRD indicates the
relative quantity and quality of food resources for an insect on a
given forested cell as a function of tree species composition and
the age cohorts present on that site, which in turn is defined by its
host preference class in the BDA extension (Sturtevant et al., 2004).

Contemporary Warm Warm

PRESENT

NONE NONE

Aboveground carbon (kg m)

P

We also determined the cumulative number of damaged hectares
affected by outbreaks. All analyses were performed with R version
3.6.1 (R Core Team, 2019) except for functional connectivity that
was computed with the software Conefor (Saura & Torné, 2009).

3 | RESULTS

3.1 | Changes in functional composition and
ecological resilience

Despite the relatively large number of tree species, our study re-
gion is presently dominated by two of the seven functional groups
(mid- to late-seral northern hardwoods and boreal conifers). Under
conventional treatments (BAU), simulations showed minor shifts in
functional composition, except for an increase of northern hard-
woods (functional group NHW-Ms; Figure 4). Total aboveground
carbon increased slightly with climate change (Warm, Hot). The ef-
fect of Present Insects was almost negligible at the landscape level
except for the disappearance of functional group CHW-Ms due
to extensive mortality caused by Emerald ash borer on Fraxinus
americana, the only species in the region belonging to this group.
Under Hot-Drought climate and Upcoming Insects, however, total

Hot Hot-Drought
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FIGURE 4 Mean aboveground carbon density (kg m™2) by species functional group (Table 1) under the different scenarios (columns:
climate x insects; rows: management treatment). Values represent means across five model replicates
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FIGURE 7 Spatial susceptibility expressed by the Site Resource Dominant index (SRD; Sturtevant et al., 2004) to the six biotic agents.
Maps were generated with independent runs to compute initial landscape SRD (at year 2020, the first-time step). Red cells represent
high susceptibility, pale yellow moderate susceptibility, and blue cells low susceptibility to a specific agent based on host species/age
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aboveground carbon and NPP dropped significantly starting at year
2040 when outbreaks and drought were introduced, and this reduc-
tion continued until 2150 when outbreaks and drought ceased.
Compared to conventional practices, CCA and FDN treatments
increased the number of functional groups and promoted a more
balanced distribution among them, particularly under climate change
and following insect disturbances (Figure 4). Boreal conifers—
functional group CON-Bor—became less dominant under the two al-
ternative treatments, leaving more space to northern deciduous and
central hardwoods, the latter previously absent or present only spo-
radically. FDN induced a slight decrease in total aboveground carbon
during the first decades of the simulations due to a slight increase
in management intensity (Figure 4), then stabilized in the long term.
A more balanced representation of different functional groups
reflected a higher level of functional diversity under the two alterna-
tive treatments compared to BAU (Figure 5). Compared to BAU and
CCA, FDN resulted in higher values of functional diversity under all
scenarios and timesteps (Figure 5). Structural diversity generally in-
creased with time under contemporary climate, but its augmentation
was less intense under Warm climate, and it decreased in the long-
term under conventional treatments and Hot climate and Present
Insects (Figure 5; Figure S8). Under conventional treatments and in
the absence of disturbances triggering large cohort mortality and gap
openings, landscape-scale functional connectivity (y-axis Figure 5)
decreased slightly over time or remained at equivalent levels under

Hot-Drought and Upcoming Insects. Under alternative treatments,
however, this indicator increased over time, leveling off under FDN
during the second period of the 2100s (recovery period with no
disturbances; Figure 5). FDN led to generally higher functional con-
nectivity than CCA, which was remarkably higher for the period
2100-2150, except under Hot-Drought and Upcoming Insects where
values of this indicator converged to approximately the same levels.
Long-term NPP—that is, after 2100—was consistently higher
under CCA and FDN compared to BAU, but only slightly under Hot-
Drought climate and Upcoming Insects (Figure 6). Under this latter
scenario, however, NPP was generally higher after 2150, due to the
increased presence of pioneers and fast growing species following
strong disturbances (Figures 4-6). The opening of forest gaps due to
insect outbreaks did not increase landscape-scale structural diver-
sity but only yielded a more irregular pattern over time (Figure S8).
Despite this, the FDN treatment—and in a minor way CCA—strongly
promoted structural diversity compared to BAU, partly counteract-

ing for the negative effect caused by climate change (Figure S8).
3.2 | Susceptibility to insect pests and interaction
with management

Under current conditions, our study region was found to be highly
susceptible to the Asian longhorn beetle, followed by the spruce
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budworm and the spongy moth (Figure 7). The site resource domi-
nance index (SRD) was the highest for the Asian longhorn beetle,
with an overall landscape-scale value of 63.06. This implies that,
if it reaches the region, this insect pest could easily spread across
the landscape causing high stand-level mortality fostered by the
nearly spatially continuous presence of primary host tree species
(e.g., red maple, sugar maple), except in the southeastern portion
of the landscape where it would likely cause only moderate dam-
age due to the lower presence of red maple (Figure 7a). The native
spruce budworm was also found to have a relatively high SRD index
value at the landscape scale (55.53); despite this, highly susceptible
stands (i.e., conifer plantations) were scattered with communities of
low susceptibility (i.e., hardwoods; Figure 7f), which would minimize
the spread of an outbreak and potential widespread damage across
space. The spongy moth had a moderate damaging impact at the site
level (i.e., pale yellow to orange cells in Figure 7c). However, hosts
susceptible to this invasive pest (e.g., most hardwood species) were
distributed evenly across the whole region, contributing to a rela-
tively high SRD index at the landscape scale (51.99). The remaining
biotic agents—hemlock woolly adelgid, mountain pine beetle, and
emerald ash borer—were all characterized by high stand-level po-
tential impacts but generally low landscape-scale susceptibility (max
19.89 for the hemlock woolly adelgid; Figure 7d). In particular, the

FIGURE 8 Total number of
damaged sites (i.e., hectares) affected
by biotic disturbance agent. Values

represent means and error bars the 200k -
. . 150k -
standard deviation between replicates 100k -
(k=Thousands of 1-ha cells). In Upcoming 50'6:
Insects outbreaks were simulated with
a higher intensity (see Figure S7)
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emerald ash borer had the capability to cause severe and localized
mortality events on ash-dominated stands, but its overall impact at
the landscape level was found to be relatively low (SRD index 5.66;
Figure 7b). For some insects (e.g., SBW, ALB, HWA), SRD decreased
slightly over time following the reduction in host presence but in-
creased again once outbreaks ceased after 2150 (Figure S9). For oth-
ers (e.g, SM, MPB), the promotion of host tree species by CCA and
FDN treatments increased SRD, and thus susceptibility, across the
landscape (Figure S9).

Changes in forest composition and structure due to climate
change and management influenced mortality due to insect
outbreaks is shown in Figure 8. The cumulative number of dam-
aged sites affected by the different biotic agents differed more
among management scenarios than climate scenarios. Under
Present Insects and conventional BAU management, the num-
ber of hectares affected by the spongy moth and the spruce
budworm were rather similar (131K + 15K vs 129K + 738 ha
damaged, respectively, under BAU and Warm scenario; K = thou-
sand). However, spongy moth damage was higher under CCA and
FDN treatments, while Hot climate increased only slightly the
number of hectares damaged by this insect pest (146K + 30K).
Compared to the spongy moth and spruce budworm, the emerald
ash borer had only a minor impact in terms of affected forest at
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the landscape scale (40K + 1K under BAU and Warm scenario).
Under Upcoming Insects and conventional BAU management,
the insects causing the most damage were the spongy moth, the
spruce budworm, and the Asian longhorn beetle (336K + 61K,
326K + 3K, 289K + 37K damaged sites, respectively). The hem-
lock woolly adelgid also caused mortality on sites with presence
of Eastern hemlocks (156K + 4K damaged sites), while the impact
of the emerald ash borer and the mountain pine beetle was low
at the landscape level (40K + 1.2K, 37K + 1.5K, respectively).
CCA and FDN treatments—by promoting hardwoods and pines
more adapted to future climate and increasing their proportion
across the landscape—contributed to an increase in damage due
to the spongy moth (+127K FDN compared to BAU) as well as the
Mountain pine beetle (+18K FDN compared to BAU), while the
impact of spruce budworm decreased slightly (-5.4K FDN com-
pared to BAU).

4 | DISCUSSION

Our study shows how expected and possible unexpected climatic
changes and biotic disturbances could impact the ecological resil-
ience of forested landscapes and demonstrates the potential of stra-
tegic management treatments to boost long-term forest resilience
to global change.

Our results support our first hypothesis: in the absence of
strong biotic disturbances, climate warming and CO, enrichment
will increase forest productivity and carbon storage, but impacts
of unexpected drought and insect outbreaks might drastically af-
fect such variables at the landscape scale. While carbon stock and
productivity were negatively affected by unexpected disturbances,
functional and structural diversity, as well as functional connectiv-
ity, were impacted differently by canopy openings, in line with our
previous analysis (Mina et al., 2021). This also highlights the need
to evaluate ecological resilience using multiple indicators that take
into consideration several properties of forest ecosystems such as
productivity, structure, and functioning; this is particularly import-
ant under longer management timescales and with both press and
pulse disturbances (Albrich et al., 2020; Nikinmaa et al., 2020). Our
findings also partly validate our second hypothesis: generalist, non-
native insect pests attacking hardwood species (e.g., Asian longhorn
beetle, spongy moth) are the biotic agents with the highest dam-
aging potential in our target region. Preventing their introduction
and early control should be considered a priority in regional forest
policy plans. Management interventions aiming at adapting forest
functional and compositional diversity resulted in a more diversified
forested region, but—contrary to what was initially hypothesized—
also increased landscape susceptibility and outbreak severity by
generalist biotic agents. Finally, our third hypothesis was also sup-
ported: forest policy plans based on functional diversification and
network analysis—including introducing or promoting a few key
species with diverse sets of traits—would provide higher ecological
resilience than conventional management.

4.1 | Future functional composition and
ecological resilience

Despite having a relatively large number of species in tree commu-
nities for a northern temperate forest (19 tree species > 1% abun-
dance), we found that our landscape was initially relatively poor
in terms of diversity of functional groups. Currently, the region is
mostly dominated by northern deciduous tree species (mostly ma-
ples) with patches of pure boreal conifers stands as a result of past
anthropogenic disturbances (Danneyrolles et al., 2019). Several
studies have shown that species richness does not consistently cor-
relate positively to functional diversity (Cadotte et al., 2011; Diaz
& Cabido, 2001). Thus, our approach of analyzing current and pro-
jected future functional composition—e.g., by clustering species into
functional groups—provides meaningful direction for creating more
diverse and naturally resilient forest communities facing uncertain
global changes (Aquilué et al., 2021; Paquette et al., 2021).

Past studies have shown that temperate-boreal mixedwood tran-
sition zones will experience an increase in warm-adapted species
at the expense of cold-adapted boreal ones (Boulanger & Pascual
Puigdevall, 2021; Duveneck et al., 2014), as well as increased pro-
ductivity under climate change (Duveneck & Thompson, 2017). Our
results agree with these trends, confirming that—in the absence of
unexpected disturbances—rising temperature and CO,, and a mod-
erate increase in precipitation will increase carbon storage potential,
likely due to a longer growing season (Mina et al., 2021). However,
our simulations also indicate a drastic negative impact of changing
climate on structural diversity, which has been shown to be a pre-
dictor of key ecosystem functions (LaRue et al., 2019) and to have a
direct impact on functional diversity itself (Thom et al., 2021). Also,
past studies supported that structural diversity was explicitly linked
to net primary productivity and carbon density (Gough et al., 2019;
Seidl et al., 2012), but its influence differs over the course of stand
development (Silva Pedro et al., 2017). In the study area, enhanced
growth induced by rising temperatures might increase interspecific
competition, promoting further canopy closure and therefore a ho-
mogenization of the structure of these forests, whose structural
complexity have already been heavily simplified through past forest
land use (Barton & Keeton, 2018). Similarly, Gustafson et al. (2018)
found negative effects of climate change on age class richness (i.e.,
proxy for structural diversity) in Central Appalachians forests, sug-
gesting that climate change may still reduce resilience linked to
structural diversity even while enhancing carbon stocks.

Under conventional management, we found that landscape-scale
functional diversity remained approximately at current levels, or even
decreased despite predictable species compositional changes. Given
that functional diversity is deeply linked to processes that guarantee
the provision of multiple ecosystem functions and services (de Bello
etal.,, 2010; Zhang et al., 2012), management strategies aimed at en-
hancing functional diversity and allowing it to be maintained across
large landscapes (i.e., through functional connectivity) can integrate
multiple aspects of ecological resilience (Messier et al., 2019). With
enrichment planting and assisted migration under the CCA and FDN
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treatments, we expected an increase in functional diversity across
the landscape compared to BAU. However, functional diversity in-
creased much more under CCA compared to BAU than under FDN
compared to CCA, which was rather unexpected. This indicates that
by introducing or promoting even a few key species with diverse
sets of traits (e.g., oaks, pines, and other selected hardwoods), there
could be a great positive impact on functional diversity compared
to the maintenance of current species composition. Given that cur-
rent species assemblages might not be adapted to a rapidly changing
climate regime (Rustad et al., 2012), such adaptive actions should
be promoted and strategically planned across multiple spatial scales
(Saura et al., 2011b). However, the fact that these two approaches
(CCA and FDN) provide very similar benefits in terms of increased
resilience in this region does not mean that they will generally
converge in more taxonomically poor or more homogeneous land-
scapes. Thus, we advocate testing the approach (e.g., by simulation
modeling) across multiple study areas and biomes.

Conversely, structural diversity increased much more under
FDN compared to CCA and BAU. This means that thoughtful allo-
cation of a silvicultural prescription (FDN) is more effective than re-
gimes based on conventional management units (i.e., BAU and CCA)
for building more structurally complex—and therefore naturally
resilient—forest communities. In our case, under FDN treatment, we
increased management intensity at both the stand- and landscape-
scale, but efforts were distributed strategically across the forested
region. Similarly to natural-disturbance-based management, this
contributed to creating higher multiscale heterogeneity, which is
recognized as being a key feature to maintaining ecological resilience
(Drever et al., 2006; Long, 2009).

The novelty of our approach also lies in including a metric of
functional connectivity as a key indicator of ecological resilience and,
differently from climate-smart forestry (Verkerk et al., 2020), the in-
tegration of such a feature in landscape management treatments.
Typically, landscape connectivity is only considered in structural
form, that is, how forest patches are connected in space to facili-
tate animal movement (Martensen et al., 2017; Rayfield et al., 2016).
In the context of multiscale forest management adaptations under
global change, it is crucial to consider functional connectivity as it
denotes how functional diversity can be maintained and restored
across space following disturbances using strategic management
approaches (Aquilué et al., 2020; Puettmann, 2021). For instance,
landscape-level ecosystem functioning might stabilize faster if spe-
cific traits are distributed more heterogeneously, and when they are
spread more promptly from intact patches to disturbed ones (Loreau
et al., 2003). Boosting existing functional connectivity is also piv-
otal in cases where it is not possible, desirable or socially feasible
to establish new forest patches anywhere in the landscape follow-
ing disturbances. In our simulation experiment, the two alternative
management treatments resulted in consistently higher functional
connectivity than conventional practices. This is particularly the
case under FDN, where this resilience indicator was always higher
than CCA during the period of simulated disturbances (until 2150).
This is explained by an increased capability of more diverse forest
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communities—thanks to enrichment planting and assisted migration
interventions—to better spread functional diversity to neighbor-
ing patches. The fact that increased functional connectivity due to
planting was only apparent after 2100, indicates that long time lags
are required to boost such properties; thus, changes in forest prac-
tices should take place as soon as possible to build more function-
ally connected, and thus naturally resilient, future forest landscapes.
Aquilué et al. (2020) showed that planting strategies combined with
harvesting aimed at significantly altering species composition con-
tributed to increasing functional connectivity at the landscape scale.
However, their study did not consider the temporal dynamics of eco-
logical processes driving growth, competition, mortality, and estab-
lishment of forest communities—all of which were considered here
within the forest landscape model. Therefore, enhancing landscape-
scale functional connectivity through management treatments can
be seen as a valuable but long-term investment, given the extensive
time horizon of forest ecosystem succession (Saura et al., 2011a).
Climate projections of the 5th IPCC report for Northeastern re-
gions agreed on overall warming and increased cumulative precip-
itation. However, the uncertainty associated with the precipitation
projections is much higher than those of the temperatures. While
temperatures are expected to steadily increase, little is known about
the fluctuations, and erratic pattern precipitation regimes may be
exhibited in the near future, making periods of water stress more
likely. Indeed, warmer conditions will also promote higher evapo-
transpiration, reducing the potential benefits of higher precipitation
rates for tree communities (Anderegg et al., 2013). Thus, we created
a drought signal to test the response of temperate tree communities
to an unexpected change in the precipitation pattern asin (Gustafson
et al.,, 2016) even though we are aware that such a climate pattern is
highly speculative and does not strictly reflect current climate pro-
jections from GCMs. We coupled strong biotic disturbances to the
drought scenario, assuming that repeated, extreme drought events
would weaken tree defenses and, consequently, increase suscepti-
bility to biotic-induced damages (Gely et al., 2020; Xu et al., 2019).
We did not try to disentangle the impact of extreme drought events
from novel insect outbreaks, but rather examined their cumulative
effects to further evaluate what management alternatives result in
higher functional and structural resilience during and after a period
of unexpected disturbances. Sudden and irregular drops in annual
and seasonal precipitation will likely contribute to reductions in NPP
at the landscape scale, but our results suggest that the combination
of extreme drought events and upcoming insect pests over an ex-
tensive period can drastically reduce carbon stocks and NPP (see
Figure 6), with inevitable consequences on other key ecosystem

services that depend on healthy forest ecosystems.
4.2 | Interaction between biotic
disturbances and management

Only a few studies have explored interactions between forest man-
agement treatments and insect pests, and even fewer have been
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based on simulation models also incorporating climate change
(Canelles et al., 2021). Management interventions altering compo-
sition and structure of forest landscapes can influence insect out-
breaks in different ways (Temperli et al., 2014), but it is generally
believed that increased diversity can mitigate outbreak intensity
(Jactel & Brockerhoff, 2007). The latest research, however, has
shown that there are thresholds above which facilitation (i.e., more
species result in more niches for invasive species) turns into dilution
(more species equals suppression of pest invasion), and that diversity
effects are contingent on insect diet range and tree species compo-
sition (Guo et al., 2019; Jactel et al., 2021). Recent studies have also
shown that insect infestations are not always reduced in mixed for-
ests; increasing tree diversity may reduce the risk for genera prone
to high infestation rates, but overall risk may increase with tree di-
versity due to spillover from preferred hosts to less preferred genera
(Berthelot et al., 2021).

Our results indicate that higher diversity driven by climate-smart
management treatments and fostered by climate change promoting
warm-adapted species might also increase outbreak severity. This
is because in our simulations, we chose generalist insects that are
most likely to invade our landscape, such as the spongy moth and the
Asian longhorn beetle, which feed mostly on hardwoods, including
genera that are being introduced and promoted because they are
more adapted to a future climate. Despite this increased outbreak
severity, we did not observe stronger reductions in carbon stocks
and primary productivity in CCA and FDN compared to BAU man-
agement, meaning that higher diversity and connectivity compen-
sated for losses from biotic disturbances in our region. Although,
in some cases, the promotion of tree species, genera, and traits
might result in potentially greater outbreak severity, more diverse
communities still have higher chances of containing species that
can contribute to recovery processes and increase overall ecolog-
ical resilience. This is also highlighted in a recent review study by
Kneeshaw et al. (2021), suggesting that forest resistance to pests
can be effectively increased by enhancing tree structural and com-
positional diversity at stand, neighborhood, and landscape scales.
Thus, given the high uncertainty in forecasting invasive biological
agents, building more diverse forests so as to reduce the risk across
the landscape—in addition to early detection and monitoring—seems
to be the most viable option to cope with unexpected disturbances
(Ibanez et al., 2019).

4.3 | Study design and assumptions

Models are the sole tools allowing us to assess the impacts of fu-
ture and novel environmental changes on systems characterized by
large time spans such as forests (Bugmann, 2014; Gustafson, 2013).
However, simulation models are a mere simplification of reality and
certainly not able to capture the influence of all processes driving
forest landscape dynamics. Although we used a state-of-the-art,
mechanistic landscape-scale model to consider multiple aspects
affecting forest development, using a different model might have

led to different results (Irauschek et al., 2021; Petter et al., 2020).
Also, as ecological models keep evolving over time, using a different
version of PnET-Succession or different LANDIS-II extensions could
have also led to slightly different outcomes (e.g., higher mortality due
to drought, or less mortality from insects if the effect of defoliation
was explicitly simulated). In particular, the severity of spongy moth
outbreaks might have been slightly overestimated, as this species
generally causes partial disturbance due to tree defoliation (Liebhold
et al., 2022) that could not be directly captured with our modeling
approach (see Supporting Information for more considerations).
The main limitation of our simulations was the lack of direct in-
teraction between frequency and magnitude of insect outbreaks and
climatic inputs. In our study, forest susceptibility to biotic agents was
indirectly determined by changing climate, as susceptibility depended
on tree species and age simulated at a site, which was in turn influ-
enced by climate scenarios and succession. Such a direct interaction
was not able to be implemented for all insects in the BDA extension
(Sturtevant et al., 2004), and it has been applied in studies investigat-
ing only one particular biotic agent (Lucash et al., 2018; Scheller et al.,
2018). Explicit integration of this interaction could have led to different
outcomes regarding forest susceptibility to biotic agents under climate
change. For example, simulation studies including this interaction have
shown that bark beetle-caused mortality will likely increase under cli-
mate change (Scheller et al., 2018; Sommerfeld et al., 2021). However,
we designed our scenarios to emulate this effect by increasing out-
break intensity and susceptibility according to intensifying drought
(see Figure S7). We acknowledge this as being a critical aspect deserv-
ing future attention (Lehmann et al., 2020). Also, as the model does
not dynamically track soil carbon pools, our implications for carbon
storage potential are only valid of a portion of total ecosystem carbon
(i.e., aboveground). Additional considerations on modeling approaches

are reported in the Supporting Information.

4.4 | Implications for ecosystem management

Our study demonstrates that building forest landscapes as function-
ally rich, well-structured complex networks can increase ecological
resilience to climate change and unexpected biotic disturbances.
Enriching forest landscapes with key functional traits without nec-
essarily a strategic arrangement could also bring important benefits
in terms of ecological resilience; however, this might be contingent
on present forest composition and might be best evaluated at the
regional level. However, given that resources for ecosystem man-
agement interventions are often limited, adopting a landscape-scale
perspective by planning interventions strategically in space—so as
to maximize their impact—and adopting a functional trait approach
to diversify forests—to maximize the response range to unknown
disturbances—is a promising approach for enhancing forest ecologi-
cal resilience under global change. This landscape-scale approach
should also be merged with regional-scale risk assessment for key
ecosystem services provided by forest ecosystems, which should
also consider a socioeconomic perspective.
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In some cases, positive interactions between management treat-
ments and biotic disturbance can influence the magnitude of poten-
tial insect outbreaks. Thus, coordinated policy adaptations across
forested regions aimed at diversification should be implemented in
parallel with monitoring and early pest detection, forecasting po-
tential impacts (e.g., with modeling tools) at a regional scale, fos-
tering tree vigor, health, and productivity by means of silvicultural
interventions, and selecting resistant species or provenances from

breeding programs based on the latest scientific knowledge.
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