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Abstract 

In the face of global changes, forest management must now consider adapting 

forests to novel and uncertain conditions alongside objectives of conservation and 

production. In this perspective, we modified the TRIAD zoning approach to add a 

resilience component through functionally diverse plantations following harvesting 

in the extensive areas. We then assessed the capacity of this new “TRIAD+” zoning 

approach for improving the resilience of the mature forest biomass to climate change 

and three potential extreme pulse disturbances: a large fire, a severe drought, and 

an insect outbreak. We used the forest landscape simulation model LANDIS-II on 

a management unit in Mauricie (Quebec, Canada) to simulate and compare the 

TRIAD+ scenario with a classic TRIAD zoning scenario, and two business-as-usual 

harvesting scenarios with and without functional enrichment planting. We also 

simulated three different climate change scenarios (Baseline, RCP 4.5 and RCP 

8.5) in which these management and extreme disturbance scenarios took place. 

We monitored the changes in three variables: the mature wood biomass across the 

landscape, the mature biomass of each functional group, and the functional diversity 

of stands in the landscape. Resilience was measured according to three indicators: 

resistance, net change and recovery time of mature biomass. TRIAD+ management 

resulted in a good compromise, harvesting the same amount of wood as other sce-

narios while increasing the surface of protected forests by around 240% compared to 

BAU scenarios, and improving the mean functional diversity of stands by around 15% 

compared to the classic TRIAD and BAU without plantations. Following the pulse dis-

turbance events, TRIAD+ also increased the resilience of the mature biomass across 

the landscape. However, this increase was limited, depended on the resilience 
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indicator and the event considered, and was negligible in terms of tree biomass 

recovered in the long term. It’s uncertain whether these results stemmed from the 

relative lack of small-scale interactions in LANDIS-II through which the effect of func-

tional diversity on stand resilience should occur, or if this effect is small to begin with. 

Overall, our study reveals that an adaptation component can be included in current 

or future management strategies, but that increasing functional diversity via planta-

tions will likely be insufficient to significantly boost forest resilience. Future research 

should therefore explore other (combined) means of increasing forest resilience, and 

improve the representation of small-scale interactions in landscape-scale models.

1. Introduction

Forests occupy a special place among the many components of the earth’s bio-
sphere. Holding much of the terrestrial biodiversity, they are crucial to the processes 
of life on Earth [1]. Forests also regulate the Earth’s climate through their influence 
on the biogeochemical cycles of water, carbon and nitrogen, thereby playing an 
important role in climate regulation [2–4]. For humans, forests also represent places 
of wonder and spirituality, homes, and vital sources of different resources, ranging 
from construction material to food or medicine [1,5]. Yet these numerous roles played 
by forests are now under threat from many different environmental pressures [6–8]. 
Chief among them is global change – the combination of direct anthropic pressures, 
human-induced climate change, and other processes interacting with humans such 
as the invasion of exotic species and pathogens [9–11].

Forestry is one of the pressures that global change applies on forests. While 
humanity has been harvesting wood from time immemorial, the quantity of wood har-
vested throughout the world has grown enormously since the Industrial Revolution. 
In recent years, this quantity has surged from 2.5 billion m3 of roundwood per year 
produced worldwide in 1960 to almost 4 billion m3 in 2020 [12,13] through increasing 
human demographics and the emergence of new harvesting technologies that have 
made harvesting cheaper and faster [14]. Wood and timber production worldwide has 
shown no sign of slowing but is instead increasing yearly. Forestry is thus a recurrent 
and intense disturbance affecting forests around the world, leading to their gradual 
transformation. This transformation occurs through practices such as the selection of 
species of commercial interest [15], or through the large-scale application of methods 
such as clear-cutting that reduces the quantity of older forests [16]. Forestry has thus 
changed the structural diversity [17,18], species composition [19], and connectivity 
[20] of forests at large temporal and spatial scales. Consequently, forestry has also 
altered the habitat that forests provide to many other species and tempered their 
ability to sustain important ecological functions [21].

In contrast to these trends, several authors have recently proposed a more opti-
mistic view of forestry. In this view, the inherent capacity of forestry to influence the 
structure and composition of forests could be used as an advantage. Specifically, 
forestry could be used as an opportunity to diversify forests across different spatial 
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scales to improve their resilience to the uncertain future perturbations caused – or influenced – by global changes  
[22–24]. In this way, forestry would join the global effort to increase the diversity of responses that both human and 
natural systems exhibit in the face of disturbances [25,26]. A potential way to bring ecosystems to a state of higher 
resilience is by using the concepts of functional response traits and response diversity. Functional response traits aim 
to capture the biological, structural or behavioral characteristics of an individual associated with its response to envi-
ronmental changes (e.g., root length, bark thickness, etc.; [27]) and its effects on the environment. As such, a com-
munity presents a range of responses to the environment among its organisms (e.g., individuals, species) depending 
on the variability between their functional response traits [28]. Therefore, it is suggested that a community with a high 
response diversity will be more resilient to disturbances, as it increases the chance that some individuals have the 
favorable traits to resist or recover [29–32]. Forests could thus be diversified or altered by forest management practices 
at both stand and landscape levels to present a higher functional response diversity to future disturbances, and, as a 
result, a greater resilience [33–35].

While this new vision of forestry based on preparing forests for future conditions is promising, it differs from current for-
est management strategies in several ways. The main difference relates to the prevailing management goal of conserving 
or retrieving a “reference state” of forests. For example, strategies adopted in many temperate and boreal forests promote 
an ecosystem-based forest management [36] or close-to-nature forestry [37,38], which focus on emulating the “historical 
range of variation” of natural disturbances through forest management. According to this approach, forest cuts should 
reproduce the size, intensity and impacts of natural disturbances with which forests have evolved and developed regener-
ation mechanisms. Yet, applying this approach is complex due to the difficulty of obtaining reliable historical characteristics 
of natural disturbances. Moreover, recent studies have criticized the implementation of ecosystem-based management 
that focus exclusively on reproducing past disturbance patterns as current and future forests are likely to be confronted 
with novel environmental conditions and disturbance regimes [31,39,40]. Hence, adding forest resilience to global change 
as a new management goal may be at odds with current management strategies that are largely focused on wood produc-
tion and conservation.

A potential approach for addressing this challenge is to amend current management strategies by integrating the 
notion of resilience, adaptation and guided change of forest structure and composition. In this article, we propose a 
 resilience-based modification of the TRIAD zoning approach, originally developed by Seymour and Hunter [41]. The 
conventional TRIAD approach consists of dividing a managed forest landscape into different specialized areas dedicated 
to different goals: intensively managed areas to maximize production, extensively managed areas to accommodate a 
broader range of ecosystem services and conservation objectives, and reserves for conservation purposes only [42]. 
These zones are positioned in the landscape in order to minimize trade-offs between conservation, production, and social 
acceptability (e.g., setting intensive areas far from conservation areas) while supplying the same amount of harvested 
wood as a landscape without zoning [43]. Intensive zones aim at maximizing productivity such that harvest targets are 
reached more easily on smaller areas, thus allowing the size of conservation areas to be increased [44]. Because of these 
potential benefits, the TRIAD zoning is currently being tested in several areas of the world [44,45].

The TRIAD approach offers the opportunity to accommodate the new resilience objective by increasing the functional 
response diversity of forest stands in extensively managed zones. This can be done through enrichment planting, which 
consists of planting trees in an already existing forest overstory that has been thinned [46]. It is further called functional 
enrichment or functional planting when used to diversify the functional response traits present in the forest rather than 
simply improving species richness [34]. Therefore, functional enrichment of forests could improve the response to future 
disturbances as the forests would contain a more diversified portfolio of response traits [29,47]. Through long-term plan-
ning, the establishment of functionally enriched plantations distributed across the landscape could allow resilience to 
scale up from the plantation to the landscape scale through seed dispersal [31,48]. We call this TRIAD + , a new version of 
TRIAD that includes functional enrichment via plantations.
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While this avenue is appealing, several factors must be investigated to assess the efficacy of functional enrichment 
plantations – and the TRIAD+ as a whole – to improve forest resilience. For example, future climatic conditions could 
make it difficult for the species selected for functional diversification to coexist at the stand scale if their growth is impeded 
by changes in temperature or water availability. Also, the accumulation of more frequent, severe and varied disturbances 
might increase tree mortality or hamper their growth even in functionally rich plantations (e.g., through repeated fires, 
droughts, windthrow, etc.; [49]). Functional enrichment may also require productive sites to successfully plant and grow 
certain species, thereby making these sites unavailable for intensive management areas. Finally, implementing functional 
enrichment plantations will often require preliminary forest cuts that, if too numerous in the landscape, might negatively 
impact forests in other ways, canceling the positive effects of such enrichment. For example, such cuts might change the 
age distribution towards younger forests in the landscape [16], necessitate more forest roads [50], and degrade the habi-
tat quality for certain wildlife specialist species [21,51].

In this study, we set out to explore these uncertainties by measuring the potential of functional enrichment planting to 
improve the resilience of a vast forest landscape to different disturbances. Specifically, we assessed the capacity of a 
TRIAD+ zoning approach to improve the resilience of the mature forest biomass to climate change and three future poten-
tial extreme disturbance events: a large fire, a severe drought, and an insect outbreak. Using the forest landscape simula-
tion model LANDIS-II [52] on a management unit in Mauricie (Quebec, Canada), we simulated and compared the TRIAD+ 
scenario with a classic TRIAD zoning scenario, and two business-as-usual harvesting scenarios with and without func-
tional enrichment planting. Furthermore, we simulated three different climate change scenarios (Baseline, RCP 4.5 and 
RCP 8.5) in which these management and extreme disturbance scenarios took place. We then measured the resilience of 
the mature forest biomass, at the landscape scale, following one of the three extreme disturbance events (fire, drought or 
insect outbreak). Finally, we assessed the benefits of each management scenario by considering the trade-offs between 
the objectives of production, conservation and adaptation.

2. Methods

2.1. Simulated area

Our simulated area is a forest landscape extending over more than 4 million hectares in the Mauricie region (Quebec, 
Canada; Fig 1). It consists of a forest management unit surrounded by a 50 km buffer zone, which has been simulated 
with LANDIS-II in a previous study [50]. As of 2020, the landscape comprised 339 117 ha of protected forests or around 
9% of the total forest surface of the simulated area. These protected forests were divided into approximately 400 areas, 
five of them being relatively large (> 20 000 ha) and most of them relatively small (< 300 ha). The southern area is mainly 
composed of mixedwood forests dominated by balsam fir (Abies balsamea), yellow birch (Betula alleghaniensis) and 
trembling aspen (Populus tremuloides). In contrast, the northern area is a boreal coniferous forest dominated by balsam 
fir, white birch (Betula papyrifera), trembling aspen, black spruce (Picea mariana) and jack pine (Pinus banksiana). Forest 
fires are an important disturbance in the north, while spruce budworm (Choristoneura fumiferana) outbreaks are present 
in the south [53,54]. Being located at the transition from the temperate to the boreal forest, this study area thus presents a 
clear dichotomy of forest composition and natural disturbances, making it a good choice for exploring the effects of func-
tional enrichment and zoning in two contrasting ecological contexts.

2.2. Experimental design

To explore the effects of functional enrichment and zoning on forest resilience, we simulated forest dynamics over 200 
years using different scenarios that varied three distinct factors: the forest management strategy used, the intensity of 
climate change, and the occurrence of a catastrophic disturbance event imposed at year 100 of the simulation (Fig 2). The 
precise implementation of each of these factors within LANDIS-II is detailed in the following sections.
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We designed four forest management strategies, each defined by the presence or absence of functional enrichment 
through planting (hereinafter referred to as “functional planting”) and of TRIAD zoning (Fig 2a). The first two strategies 
were a “Business as Usual” (BAU) scenario with (BAU-PlantFunct) and without (BAU-NoPlant) functional planting. In 
these scenarios, no TRIAD zoning took place: forest harvesting of different intensities could be carried out anywhere in 
the landscape except in the current protected areas. All simulated prescriptions are detailed in “Harvesting”. In essence, 
the BAU-NoPlant scenario acted as a control scenario for our study area. The other two strategies were TRIAD + , with 

Fig 1. Map showing the location and extent of our study area located in the Mauricie region of Quebec, Canada. Satellite data from the Sentinel 
satellite, and edited by the Ministry of Forests and Natural Resources of Quebec under a CC-BY 4.0 license (https://www.donneesquebec.ca/recherche/
dataset/mosaique-satellites).

https://doi.org/10.1371/journal.pone.0326627.g001

Fig 2. Visual representation of the three categories of scenario simulated with LANDIS-II: forest management, climate, and catastrophic 
event.

https://doi.org/10.1371/journal.pone.0326627.g002

https://www.donneesquebec.ca/recherche/dataset/mosaique-satellites
https://www.donneesquebec.ca/recherche/dataset/mosaique-satellites
https://doi.org/10.1371/journal.pone.0326627.g001
https://doi.org/10.1371/journal.pone.0326627.g002
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functional planting, and the “normal” TRIAD, without functional planting. In these scenarios, the landscape was divided 
into extensive, intensive, and protected areas, with functional planting taking place in the extensive areas of TRIAD+ and 
intensive areas located on the most productive forests of the landscape (see “Harvesting”). The existing protected areas 
were expanded using a 5000 m buffer compared to the BAU scenarios, increasing the total percentage from around 9% to 
24% of the forested area. This allotment was devised to match the philosophy of TRIAD zoning where intensive areas are 
made as productive as possible to spare more forest from exploitation [42,44]. Importantly, all four management scenar-
ios (BAU-PlantFunct, BAU-NoPlant, TRIAD, TRIAD+), had to harvest the same amount of biomass at every 10-year time 
step. This biomass target was based on the current harvest levels in the simulated area during the period 2018–2023, as 
indicated in documents produced by the Ministère des Forêts, de la Faune et des Parcs du Québec [50,55].

The climate varied according to three different Representative Concentration Pathway (RCP) scenarios [56]: Baseline 
(no change in climate as compared to 2020) which served as a control, RCP 4.5, and RCP 8.5 (Fig 2b). Three cata-
strophic disturbances were chosen to represent potential, and quite unpredictable, future disturbance events that could 
take place in our study area, triggered by the effects of global change. Our disturbance scenarios consisted of a large 
forest fire covering 70% of our simulated area; an intense drought; and an outbreak from an insect not yet present in 
the area (Fig 2c). We also simulated scenarios without the occurrence of these catastrophic disturbances to serve as 
a control. Fire and drought were chosen as they are both expected to increase in frequency and severity with climate 
change, making the occurrence of extreme cases more probable [11,57]. In Quebec, a single fire of more than 1.2 million 
hectares was indeed observed in 2023 [58] during a fire season that resulted in more than 5 million hectares of forest 
burned at the provincial scale [59]. This fire season was caused, in part, by drought [60], which Global Climate Models 
predict will become more frequent and intense in the future [61]. Such large fires could become even larger in the future, 
according to observed trends in Canada [62]. For the insect disturbance, we selected the Mountain Pine Beetle (Den-
droctonus ponderosae; MPB), a wood-boring species of bark beetles whose ongoing outbreak in western Canada is 
causing excessive damage by attacking a wide range of pine species. Previous studies have shown the possible future 
expansion of the MPB into the forest of eastern Canada, helped by a changing climate and by the presence of host 
species [63–65]. Therefore, we defined a scenario where a large outbreak of MPB would impact the pine species of our 
landscape, to which forest managers would be initially unprepared. Simulating this disturbance allowed us to study a 
potential undesired effect of functional plantations, as increasing pine trees in the landscape could increase its sensitivity 
to MPB outbreaks.

We simulated one scenario for each unique combination of these three factors (management, climate, and catastrophic 
disturbances), resulting in 48 distinct scenarios. We accounted for stochasticity associated with wildfires, seed dispersal 
and regeneration by running five replicates for each scenario, resulting in an ensemble of 240 individual simulations. In 
each simulation, we measured two variables of interest at the landscape scale (total mature biomass and mean functional 
response diversity) and we assessed the variations between these measures according to the three different factors 
(management, climate, catastrophic disturbances). We also measured three indicators of resilience to the catastrophic 
disturbances (see “Data analysis”) to evaluate whether the different forest management strategies were associated with 
increased or decreased forest resilience values. Moreover, we assessed whether an increased resilience implied a trade-
off with another variable of interest (e.g., mature biomass).

2.3. LANDIS-II model

LANDIS-II is a spatially explicit Forest Landscape Model (FLM) that simulates forest dynamics via two main processes: 
forest succession (growth, mortality, recruitment, etc.) and natural or human-induced forest disturbances (harvesting, 
forest fire, insect outbreaks, etc.) [52]. The processes are individually simulated by extensions that are activated sequen-
tially during each time step. These extensions are chosen by the user and can simulate the dynamics of different eco-
logical variables (e.g., biomass, carbon stocks, etc.). In LANDIS-II the simulated landscape is composed of square cells 
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representing a forested or non-forested area (e.g., water, urban area, etc.). All forested cells are assigned to different 
ecoregions to integrate the effect of climate and soil into the simulated processes.

2.3.A. Core parameters. The main parameter values used in our study were derived from the protocol of several 
recent studies that used LANDIS-II to simulate forest landscapes in Quebec [66,67]. We simulated 17 different tree 
species that were among the most abundant in our study area, with their life-history traits being derived from several 
sources (books and previous studies; see S1 Appendix A in S1 File and [68]). We used a grid size of 100 m (1 ha) and 
a time step of 10 years as a compromise between computation time and level of detail, as is often done in LANDIS-II 
studies [68–70]. Finally, we set the total simulation length to 200 years in order for the simulated forest management 
strategies to take effect in the landscape during the first 100 years, and then measured the response of stands impacted 
by the catastrophic disturbance events happening at t = 100 during the remaining 100 years.

The initial composition and structure of the forest in each grid cell were established using ecoforestry maps from 
the province and data from cohort studies conducted in the province’s permanent and temporary forest inventory plots 
[55,71,72]. The composition and age structure of the inventory plots were translated into LANDIS-II age-cohorts. These 
age cohorts were then assigned to the forest stands identified in the ecoforestry maps through the k-NN method [68]. 
Furthermore, we defined forest stands as groups of forested cells having identical composition, age structure and abiotic 
conditions according to the 5th provincial forest inventory of Quebec [73]. The position of forest stands remained constant 
through time.

These maps were converted into a raster format with a resolution of 250 meters (equivalent to 6.25 hectares). Subse-
quently, each cell was allocated to a uniform spatial unit, known as a “land type,” characterized by consistent soil and cli-
matic conditions [67]. Cells with over half of the area occupied by non-forest cover types were categorized as non-active.

2.3.B. Biomass succession. We used the Biomass Succession extension (v5.2) of LANDIS-II to simulate the 
succession dynamic and the living aboveground tree biomass of age cohorts within forest cells. This extension uses three 
important parameters that vary for each species, ecoregion, and time step: the probability of establishment, the maximum 
growth rate, and the maximum biomass that an age cohort can reach. These parameters were obtained using PICUS [74], 
an individual-based model that simulates tree growth at the stand scale for specific soil and climatic conditions. Following 
the methodology of Boulanger and Pascual Puigdevall [67], we used projections of future climate data from the Canadian 
Earth System Model version 2 (CanESM2) and soil data from Sylvain et al. [75] in PICUS simulations. From these 
simulations, we derived species-specific parameters for each climate scenario (baseline for 2020, RCP 4.5 and RCP 8.5) 
and for all ecoregions of the landscape. The available climate projections only extend to 2100. Since our investigated 
scenarios were simulated until 2220, we assumed that climate conditions beyond 2100 remained constant.

The other parameters required by the Biomass Succession extension – such as growth curves or the impact of shade 
on productivity – were derived from calibration runs of LANDIS-II. The goal of these calibrations was to reduce the dif-
ference between the initial estimates of biomass by the extension, and the biomass estimates from remote sensing [76]. 
These biomass estimates computed by Biomass Succession are based on the initial community structure for each cell 
(see “Core parameters”) following the methodology described in [77].

2.3.C. Base fire. Throughout all simulations, we simulated the natural disturbance regime specific to this landscape: 
forest fires and spruce budworm outbreaks. The catastrophic pulse disturbances (see “Catastrophic disturbance 
events”) therefore occur in addition to these natural recurrent disturbances. Forest fires were simulated with the Base 
Fire extension (v4.0) [78]. This extension simulates fire ignition and propagation in the landscape based on three 
characteristics that together determine a fire regime: fire size, number of fires and fire severity. Different regions with 
specific fire regimes can be determined by the user. We defined two homogeneous fire regions in our landscape using 
the methodology of Boulanger et al. [68] and the data from Boulanger et al. [79]. For each of these two fire regions, we 
used calibration runs in LANDIS-II to find parameters for the Base Fire extension that would replicate the correct minimum 
and maximum size of fires and the percentage of annual area burned. As the fire regime in each region changes with 
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time due to the shifting climate, we obtained a set of parameters for each simulated climate scenario, and for three time 
periods (2020–2040, 2041–2070, 2070-beyond) according to the predictions of Boulanger et al. [79]. The fire regions in 
the simulated landscape presented a high variability in fire size each year. To account for this stochasticity, we simulated 
30 replicates of each calibration run to obtain an average annual area burned corresponding to the existing projection for 
every climate scenario [79]. We only simulated forest fires with the highest severity, corresponding to crown fires, as those 
are the most frequent and important fires in our study area [80].

2.3.D. Spruce budworm. We simulated spruce budworm (SBW) outbreaks via the Biological Disturbance Agent (BDA) 
extension (v4.0.1). The extension simulates new epicenters as probabilistic events in landscape cells, from which outbreaks 
propagate to surrounding cells. Cells are disturbed with different degrees of severity depending on their host proportion 
which in turn influences the probability of mortality of the different age cohorts. Host tree species for the SBW were, from 
most to least vulnerable, balsam fir (Abies balsamea), white spruce (Picea glauca), red spruce (Picea rubens) and black 
spruce (Picea mariana). While climate is predicted to alter outbreak dynamics by changing the tree species composition 
across the landscape [81], for simplicity we omitted any direct effects of climate change on SBW outbreaks. We 
parameterized the BDA extension using parameters from Boulanger et al. [82]. This study derived the parameters through 
a calibration and validation exercise using a forest ecosystem landscape similar to the one present in our study area. This 
parametrization led to the simulation of SBW outbreaks with a periodicity of 40 years and a duration of 10 years [54].

2.3.E. Harvesting. We developed a new harvesting extension for LANDIS-II named “Magic Harvest” that works 
in tandem with the existing harvest extensions of LANDIS-II [83]. This extension allowed the implementation of 
more complex harvest prescriptions at the stand level. Using this new extension, we implemented six different 
types of stand-level harvest prescriptions (Table 1). CC-PlantIntens consisted of a complete clearcut followed by 
the establishment of “intensive” plantations. These plantations combined a fast-growing hybrid tree species with 
a marketable tree species (e.g., black spruce) to maximize wood production. The model parameters used for 
characterizing the growth of these hybrid species were defined to emulate the rapid growth of hybrid poplar and hybrid 
larch recently developed in North America. As such, the main physiological parameters of these hybrid species (e.g., 
shade and fire tolerance) were similar to their non-hybrid alternatives (the trembling aspen and the tamarack; see [84] 
and [85]), but their maximum Annual Net Primary Productivity (ANPP) was doubled, and their maximum biomass was 
increased by 15% in every ecoregion. Moreover, the longevity of these hybrid species was divided by two, leading to 
the faster mortality. We based these parameter changes on expert opinion and on data from the Quebec Sylvicultural 

Table 1. Description of the harvest prescriptions simulated.

Cut Planting Repetition

Percent biomass 
removed

Age of cohorts Species planted Timing of prescription

CC-PlantIntens 100% Hybrid poplar or hybrid larch depending on the 
latitude, combined with black spruce

None

CC-PlantFunct 90% > 10 Species from functional groups absent or rare 
in the stand

None

CC-NormalPlant 90% > 10 Dominant species in the stand None

CC-NoPlant 90% > 10 None None

Selection Cutting (SC) 30% >= 30 None Every 30 years for 90 years

Commercial Thinning 
(CT)

80%
66%
60%
40%
5%

<= 30
31-50
51-90
91-100
> 120

None •  At year 20 and year 50 in 
TRIAD intensive zones;

•  No repetition in BAU.

https://doi.org/10.1371/journal.pone.0326627.t001

https://doi.org/10.1371/journal.pone.0326627.t001
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Guide [86]. CC-PlantFunct, CC-NormalPlant and CC-NoPlant, all consisted of a clearcut with protection of advanced 
regeneration; in CC-PlantFunct the clearcut was followed by the establishment of functionally enriched plantations, 
in CC-NormalPlant the clearcut was followed by tree planting of the dominant species prior to harvesting, and in 
CC-NoPlant the clearcut was not followed by any kind of plantations. SC consisted of a selection cutting, harvesting 
30% of the stand biomass of all age cohorts older than 30 years, every 30 years during a 90-year period. Finally, CT 
consisted of a commercial thinning, removing 60–80% of the biomass of younger tree cohorts but only 5–40% of the 
biomass of older cohorts and was repeated twice in a 50-year interval in TRIAD intensive areas. Stands restricted 
for harvesting with SC and CT became available to any other prescription after the 90- (SC) or the 50-year (CT in 
intensive TRIAD areas) period. The details of each prescription are given in S1 Appendix B in S1 File. All prescriptions 
targeted the stands with highest biomass available for harvest in the landscape or in their area of application (see 
below), except for CC-PlantFunct which targeted the stands with the lowest functional response diversity (see “Data 
analysis”). Prescriptions were applied in an arbitrary order, harvesting their biomass target one after the other until all 
prescriptions for the given scenario were considered.

Furthermore, in the enriched plantations of CC-PlantFunct, species were selected based on the functional groups 
present in the targeted stand. The functional groups in this study were identified through a clustering analysis of the 17 
simulated species using nine different functional response traits related to our three catastrophic disturbances (see “Cat-
astrophic disturbance events”): maximum height, seed dry mass, wood density, leaf nitrogen content per leaf dry mass, 
specific leaf area (SLA), bark thickness, fire tolerance, drought tolerance and shade tolerance (S1 Appendix D in S1 File). 
The clustering method resulted in five functional groups: three gymnosperm groups with different tolerances to shade, 
drought, and fire; and two angiosperm groups with a clear distinction between pioneer and mid to late-succession species. 
When species from one or several functional groups were not present in the targeted stand, we planted one new age 
cohort of one species for each missing functional group. The selected species for each missing group was chosen ran-
domly among those with the highest probability of establishment, which varied by ecoregion and could thus differ with time 
due to climate change. If all functional groups were already present in the stand, we selected a species from the group 
with the smallest abundance (as estimated by their biomass). This methodology ensured a local increase in functional 
response diversity.

The four forest management strategies harvested the same biomass target in different ways (Table 2). In the two types 
of BAU scenarios, all unprotected forests were available for harvesting by SC, CT, and CC-NormalPlant. In addition, 
CC-PlantFunct was available in BAU-PlantFunct and CC-NoPlant in BAU-NoPlant. In contrast, the TRIAD+ and normal 
TRIAD scenarios restricted the use of SC, CC-PlantFunct (in TRIAD+) and CC-NoPlant (in Normal TRIAD) to their exten-
sive zones. In the intensive zones, forests were instead harvested with CT and CC-PlantIntens to maximize wood produc-
tion using hybrid species and commercial thinning. As such, thinning (CT) in the intensive areas of TRIAD scenarios was 
repeated twice during the 50-year period following a first thinning to simulate an intensive commercial thinning (Table 1). 

Table 2. Percentage of the biomass target harvested with the different harvest prescriptions in the four forest management scenarios.

CC-PlantIntens CC-PlantFunct CC-NormalPlant CC-NoPlant SC CT

TRIAD+++ 25% I 37.5% E 12.5% E 25% I

Normal TRIAD 25% I 37.5% E 12.5% E 25% I

BAU-PlantFunct 37.5% A 45% A 12.5% A 5% A

BAU-NoPlant 45% A 37.5% A 12.5% A 5% A

I : In intensive areas only

E : In extensive areas only

A : in all the landscape except protected areas

https://doi.org/10.1371/journal.pone.0326627.t002

https://doi.org/10.1371/journal.pone.0326627.t002
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The intensive zones were fixed and corresponded to 16% of the forest surface with the highest Annual Net Primary Pro-
ductivity (ANPP) during a calibration run made with no natural disturbances. The gain in productivity in the intensive zones 
allowed us to increase the size of the unharvested areas. By creating a 5000 m buffer around the largest current protected 
areas (as of 2020), conservation reached 24% of the forested area. Only the size of the 10% largest protected areas was 
increased. Most existing small, protected areas were created by the provincial government to act as biological refugia 
dispersed across the landscape [87,88]. In agreement with this original goal, the size of small, protected areas was not 
increased. Thus, the TRIAD zoning ratio consisted of 16% of the forested surface dedicated to intensive management, 
60% to extensive management, and 24% to conservation. This ratio is similar to the one recommended by Blattert et al. 
[45] in their estimation of an optimal TRIAD zoning in Finnish landscapes.

2.3.F. Catastrophic disturbance events. We simulated catastrophic disturbance events in LANDIS-II using the 
Biomass Harvest extension where mortality is represented by the loss of biomass in impacted forest stands. While 
originally designed to simulate harvesting, this extension can be employed to simulate any disturbance by removing tree 
biomass according to different severity and spatial distribution patterns. The severity of these events at the stand scale, 
i.e., the amount of removed biomass of a given species age cohort, was determined based on the functional response 
traits of that species as well as those of the other species in the community. The severity of disturbances also varies 
according to small-scale factors such as topography, soil, and microclimate. For simplicity, we did not include these factors 
and rather focused on the influence of species composition on disturbance severity.

Large fire: We defined the large fire as a disturbance extending across the entire landscape but creating numer-
ous unburned forest patches, i.e., fire refugia (Fig 2c). The total area covered by the refugia was fixed at 30% of the 
landscape, a proportion intermediate to the minimum (20%) and maximum (57%) values determined by Walker et al. 
[89] when measuring fire refugia from satellite imagery in coniferous and mixed forest landscapes. The size of individual 
refugium was sampled from a power-law distribution varying between one and 100 ha to make large refugia uncommon 
[89,90] (S1 Appendix C in S1 File). Each refugium was created by first randomly choosing a forest stand in the landscape 
to be at the center of the refugia, and then increasing its size from stand to stand until the sampled size was reached. For 
simplicity, the stand at the center of the refugia was selected randomly since modelling the influence of fine scale factors 
(e.g., slope, topographic wetness, etc.) on the creation of refugia was beyond the scope of our study [91]. Refugia were 
added one by one in the landscape until 30% of the landscape’s surface was reached.

Within burned stands, we assumed that tree biomass was consumed by fire according to a species-level process and 
a stand-level process. At the species level, we used the fire tolerance trait to determine the proportion of biomass loss of 
an age cohort. This proportion varied from a 60% loss at high tolerance (i.e., trait value between 4 and 5) to 100% at low 
tolerance (trait value less than 1) [78] (Table 3). At the stand level, we computed the Community Weighted Mean (CWM) 
of the fire tolerance trait over all species present (Table 3 and Fig 2c). This stand-level tolerance measure served to 
determine a protection effect from the community which in turn modulated the loss of biomass of each age cohort within 
the stand (based on [92]). The protection effect varied from 0 (no protection), when the stand CMW fire tolerance was less 
than 1, to 40% when it was highest (value between 4 and 5) (Table 3). The resulting biomass loss of an age cohort due to 
the large fire was calculated by multiplying the stand-level protection effect with the species-level proportion of biomass 
loss. These species and stand-level processes were parameterized based on our expert knowledge of forest fires and fire 
tolerance since the existing literature could not provide direct parameter values (Table 3).

Although biomass loss was a function of fire tolerance during this single catastrophic fire, periodic fires generated by 
the Base Fire extension consumed all biomass irrespective of species tolerance to fire. Indeed, the Base Fire extension 
was used to simulate smaller but more intense fires, whereas the Biomass Harvest extension was used to simulate an 
extremely large and long fire event varying in intensity according to forest composition. In addition, following the large 
fire, we did not simulate the regeneration of serotinous species, as their fire tolerance implied that their age cohorts would 
never entirely disappear from a burned cell.
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Severe drought: In contrast to the refugia created during the large fire disturbance event, the severe drought 
affected the entire landscape. The loss of biomass resulting from drought mortality was also determined through a 
species-level and a stand-level process. For each species’ age cohort, biomass loss depended on the species’ drought 
tolerance trait [93]. At the stand level, higher values of functional response diversity (see “Data analysis” for its measure-
ment) increase the drought tolerance for all species present. This stand-level effect was based on studies suggesting 
that functional response diversity was more important than species diversity in improving drought tolerance through 
resource partitioning and facilitation (S1 Appendix C in S1 File; [94], [95]). As for the large fire, we parameterized this 
process based on expert estimation of the biomass lost for species of different drought tolerance and according to the 
stand functional diversity.

Mountain pine beatle outbreak: The MPB outbreak affected all forest stands containing any of the potential host 
species: white pine (Pinus strobus), red pine (Pinus resinosa), and jack pine (Pinus banksiana) (Table 3). We assumed 
that age cohorts of these species lost 80% of their biomass. We based this proportion on the study of Long and Lawrence 
[96] which reported a pine tree mortality exceeding 80% in MPB-infected landscapes of western Montana (USA). At the 
stand level, we hypothesized that a dilution effect from the presence of non-host species would reduce host mortality 
caused by MPB [97]. Therefore, we assigned a protection effect that increased as a function of the abundance of non-host 
species present in the stand. We used the study of Jactel et al. [98] measuring the effect of stand diversity on damages 
caused by borer insects to estimate this stand-level protection effect (see S1 Appendix C in S1 File, Table 3). Again, 

Table 3. Proportion of biomass loss for each catastrophic event at the species and stand level. The total proportion of biomass loss for a 
given species in a given stand is computed by multiplying both species age cohort and stand level effects.

Catastrophic event Age-cohort level Stand level

Factor influencing 
biomass loss

Biomass loss (%) Factor influencing the reduction  
of biomass loss

Reduction of 
biomass loss (%)

Large fire Species fire tolerance Stand CMW of fire tolerance

0-1 100 0-1 0

1-2 90 1-2 10

2-3 80 2-3 20

3-4 70 3-4 30

4-5 60 4-5 40

Severe drought Species drought tolerance Stand functional diversity

0-1 70 0-1 0

1-2 60 1-2 5

2-3 50 2-3 10

3-4 40 3-4 15

4-5 30 4-5 20

MPB epidemic Host status Stand host abundance (%)

100−90 0

Pinus strobus 80 90−80 8.6

80−70 17.2

Pinus resinosa 80 70−60 25.8

60−50 34.4

Pinus banksiana 80 50−40 43

40−30 51.6

Non-host species 0 30−20 60.2

20−10 68.8

10−0 77.4

https://doi.org/10.1371/journal.pone.0326627.t003

https://doi.org/10.1371/journal.pone.0326627.t003
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the resulting loss in biomass for a given age cohort was calculated by multiplying the proportion of biomass loss at the 
species- level with the protection effect at the stand-level.

2.4. Data analysis

In each scenario, we measured two variables associated with forest ecosystem functions. Firstly, we measured the bio-
mass of mature cohorts (defined as being 40 years or older) of all species present in each stand of the landscape. The 
mature biomass is an important proxy for several forest functions like carbon storage and seed production, as mature 
trees can reproduce and create seeds while storing more carbon than smaller trees [99,100]. In addition, mature trees 
are important to the forest industry given the higher market value of large diameter trees. The total mature biomass in the 
landscape (B

L
) was calculated by summing the stand-scale mature biomass (B

S
) across all stands. Secondly, we mea-

sured the functional response diversity in each stand (FD
S
) using the exponent of the Shannon’s diversity index, applied to 

the relative biomass abundance of each functional group in the stand:

 
FDs = exp

(
–

n∑
i=1

pi · log (pi)

)

 (1)

where pi is the relative abundance of functional group i (expressed by the biomass of its age cohorts) from the n 
functional groups present in stand S. FD

S
 measures the effective number of functional groups in a stand, quantifying 

its functional response diversity in a simple yet meaningful way [35,101]. Furthermore, we computed the mean func-
tional response diversity across stands of the landscape (F ̅D ̅

S
) as a stand-area weighted mean of FD

S
. We used F ̅D ̅

S
 

to observe if functional planting did effectively increase the functional response diversity of stands at the landscape 
scale, and if this increase could further be linked to changes in our resilience measures (see below). In addition, we 
computed the total biomass of all age cohorts in the landscape for each functional group (referred as B

FG
). The three 

resulting measures (B
L,
 F ̅D ̅

S
 and B

FG
) were subsequently averaged across the five simulation replicates for each sce-

nario combination.
Moreover, we measured the resilience of the mature biomass at the landscape scale (B

L
) following one of the 

catastrophic events at t = 100. Resilience is a notably complex concept to capture that has led to the development 
of varied measures (e.g., speed of recovery, critical slowing down, etc.) [102]. In the context of this study, we define 
resilience as the ability of a system to maintain essential functions in the face of a disturbance [33]. In particular, 
we followed the methodology of Cantarello et al. [103] and measured the resilience of B

L
 through three different 

metrics (Fig 3): resistance (R), net change (NC) and rate of recovery (RR). As noted above, the mature biomass 
acts here as a proxy for several important ecosystem functions such as seed production, carbon storage, and wood 
production.

Fig 3. Measures of resilience used in our study. A, B and E refers to the value of the variable of interest before the disturbance (A), right after it (B), 
and at the end of the simulation (E), and are used in equations 2 and 3.

https://doi.org/10.1371/journal.pone.0326627.g003

https://doi.org/10.1371/journal.pone.0326627.g003
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R was defined as the variation between the value of the variable immediately before (B, at t = 90) and after (A, at 
t = 100) the catastrophic event using the following equation:

 
R = 1 –

2B
A+ B (2)

Hence, R varied between 1 (no change in the value of B
s
) and 0 (maximum change) (Fig 3a). In contrast, NC corre-

sponded to the percentage difference between the value of the variable at the end of the simulation (E, at t = 200) and its 
value before the catastrophic event (B, at t = 90), relative to its value before the event (Fig 3b, equation 3).

 
NC =

E – B
B  (3)

NC was therefore negative if E at t = 200 was lower than its pre-disturbance value A and positive if it exceeded A. Lastly, 
RR corresponded to the inverse of the recovery time (in years) that B

S
 took to reach its pre-catastrophic event value, 

which can also be interpreted as the percentage of mature biomass recovered every year (Fig 3c). If the variable did not 
retrieve its pre-disturbance value before the end of the simulation, RR was set at 0.01, corresponding to the inverse of the 
maximum recovery time possible in our simulations (100 years). As such, an increase in each of these three measures 
represented an increase in the resilience of the mature biomass in the landscape.

We expected R, NC and RR to complement each other since they measure distinct aspects of resilience. Indeed, R 
measures the magnitude of the initial impact of the catastrophic event but does not consider the temporal dynamic of BS 
following the event. In contrast, NC and RR are both influenced by the legs of the disturbance event and other sources 
of mortality (e.g., regular fires) that may occur during the 100-year period of recovery. But while NC revealed how well a 
stand had recovered during that period, RR showed how fast it had recovered.

In the end, we simply compared the temporal trends and average values for each measure (B
L,
 F̅D̅

S
, B

FG
, R, NC and 

RR) between the scenarios to infer the effects of our different factors. In addition, we use the variability observed between 
replicates as an indication of uncertainty steaming from the stochastic processes inside our model. We did not use any 
statistical tests, as the scenario were known to have distinct factors a priori, meaning that any increase in the number of 
replicates would end up making any difference between scenarios statistically significant [104].

3. Results

We present the temporal dynamic of the total mature biomass (BL) and the mean functional response diversity of the 
forest stands (F̅D̅

S
) for each combination of climate scenario, catastrophic disturbance event, and forest management 

strategy. We also show the total biomass of each functional group (BFG) for scenarios without a catastrophic disturbance 
event. Additionally, we use bar plots to display how each resilience measure for the mature biomass in the landscape (B

L
) 

(resistance R, net change NC and rate of recovery RR) varies across scenarios and replicates following a catastrophe.

3.1. Temporal dynamics of mature biomass and mean functional response diversity

Our results show that the temporal dynamic of B
L
 differed little between the four forest management strategies imple-

mented (Fig 4). In most catastrophe and climate scenarios, the BAU-PlantFunct management strategy tended to increase 
B

L
 slightly (by up to 8%) compared the other strategies (Fig 4, yellow curves). In contrast, the normal TRIAD strategy 

tended to produce smaller B
L
 (Fig 4, red curves). Furthermore, the variation in B

L
 between replicates was negligible for 

each scenario, indicating that the stochasticity of the forest dynamics had little effect when considering the mature bio-
mass at the landscape scale.
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The main differences in B
L
 were observed between the catastrophic disturbance scenarios and between the climate 

scenarios (Fig 4). Indeed, the large fire and severe drought catastrophes resulted in important reductions in B
L
 at t = 100 

(around 30%), impacting its dynamics for the following decades (Fig 4, first and second row). However, B
L
 ultimately 

recovered in both cases after 50 years or so and reached values similar to the “no catastrophe” scenarios during the last 50 
years of the simulations. In contrast, the MPB outbreak had almost no impact on B

L
 when compared to the “no catastrophe” 

scenario (Fig 4, third row). The most important factor impacting the dynamic of B
L
 was climate. Indeed, B

L
 either increased 

in the baseline climate scenario (Fig 4, left column), remained relatively stable in the RCP 4.5 scenario (Fig 4, middle col-
umn) or decreased in the RCP 8.5 scenario (Fig 4, right column) throughout the 200 years of the simulations. These trends 
remained regardless of the forest management strategy involved or nature of the simulated catastrophe.

Fig 4. Temporal variation of the Total Mature Biomass in the landscape B
L
 for each combination of management, climate and catastrophe 

scenario. Solid lines are mean values and envelops are standard deviation across 5 simulation replicates.

https://doi.org/10.1371/journal.pone.0326627.g004

https://doi.org/10.1371/journal.pone.0326627.g004
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In contrast, the temporal dynamics of the mean functional diversity, F̅D̅S, varied according to the different forest man-
agement strategies (Fig 5). Indeed, regardless of the climate and catastrophe scenario, F̅D̅S increased by up to 15% in 
management scenarios with functional planting (TRIAD+ and BAU-PlantFunct, Fig 5, blue and yellow curves) compared to 
scenarios without functional planting (TRIAD and BAU-NoPlant, Fig 5, red and brown curves). This boost in F̅D̅

S
 increased 

with time but seemed to plateau towards the end of the simulations. However, the wide variability envelopes indicate 
important variations in functional response diversity between stands and between replicates (Fig 5).

The presence of catastrophes had a small effect on the temporal dynamics of F̅D̅S, in contrast to the results for the 
total mature biomass (Fig 5, first to last row). However, climate once again played an important role in shaping the 

Fig 5. Temporal variation of the mean Functional Diversity across all stands of the landscape (F̅D̅
S
) for each combination of management, 

climate and catastrophe scenario. Solid lines are mean values and envelops are standard deviation across stands and 5 simulation replicates.

https://doi.org/10.1371/journal.pone.0326627.g005

https://doi.org/10.1371/journal.pone.0326627.g005
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long-term trend in F̅D̅
S
. Indeed, similarly to BL, F̅D̅

S
 increased in the baseline scenario (Fig 5, left column), decreased 

slightly in the RCP 4.5 scenario (Fig 5, middle column), and decreased more steeply in the RCP 8.5 scenario (Fig 5, right 
column) throughout the simulations.

Finally, the dynamic of total biomass of each functional group (B
FG

) showed very little variation between manage-
ment scenarios (Fig 6). TRIAD+ and BAU-PlantFunct scenarios show a very slight increase in the biomass of the rarest 
functional group in the landscape (group 2, softwoods with low tolerance to shade and fire) compared to the TRIAD and 
BAU-NoPlant scenarios, with a baseline and RCP 4.5 climate (Fig 6, orange areas, first and second row). Overall, the 
evolution of the biomass of each functional group thus changed according to the climate, but not the management strat-
egy used.

3.2. Resilience of mature biomass

Our results show that all resilience measures for B
L
 were again more sensitive to the simulated climate and catastrophic 

disturbance event than to the forest management strategy (Fig 7). Nonetheless, in most cases, the mean values of R, NC 
and RR were higher for the BAU-PlantFunct and TRIAD+ scenarios, pointing to a slightly higher resilience when functional 
planting was used (Fig 7, yellow and blue bars).

Fig 6. Evolution of the total biomass for the six functional groups of trees defined in our study for each combination of climate and manage-
ment scenario, but without a catastrophic disturbance event at t  = 100. Values at each time step are mean values across 5 simulation replicates.

https://doi.org/10.1371/journal.pone.0326627.g006

https://doi.org/10.1371/journal.pone.0326627.g006
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The resilience measures for B
L
 varied according to the type of catastrophic disturbance event simulated. The large fire 

resulted in the smallest values of resistance, R, followed by the severe drought and the MPB outbreak (Fig 7, first row). 
While the large fire and severe drought resulted in lower values of R than the MPB outbreak (Fig 7, first row), the latter 
was associated with lower values of NC (Fig 7, middle row). Although B

L
 was less impacted by the MPB outbreak (leading 

to higher R values), the landscape did not recover its pre-disturbance B
L
 as well as with the other catastrophes. On the 

other hand, the rate of recovery, RR, was slightly higher for the MPB outbreak scenario than for the other two catastro-
phes, implying a faster recovery of B

L
 following this outbreak (Fig 7, last row).

Overall, the most coherent signal throughout all resilience measures came from the climate scenarios. Scenarios with 
the most intense level of climate change (RCP 8.5) was systematically associated with low R, NC and RR values, indi-
cating an overall loss of mature biomass resilience at the landscape scale (Fig 7). However, the RCP 4.5 scenario led to 
resilience values similar or higher than those for the Baseline scenario for all three measures and all three catastrophes.

4. Discussion

Our study aimed at investigating how new forest management strategies could help prepare forests for an uncertain 
future by increasing their resilience to different extreme disturbance events. To do so, we designed a new type of TRIAD 
zoning, “TRIAD+”, that included functional enrichment planting with the goal of achieving a good compromise between 

Fig 7. Bar plots showing the resilience values of the total biomass of the landscape (BL) for each resilience measure (row) and each cata-
strophic event (column). The height of the bar are mean values and error lines are standard deviation across 5 simulation replicates.

https://doi.org/10.1371/journal.pone.0326627.g007

https://doi.org/10.1371/journal.pone.0326627.g007
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conservation, production and adaptation in a forest landscape. Our results indicate that the TRIAD+ strategy improved 
the functional response diversity of forests compared to other management strategies, while increasing the size of pro-
tected areas and harvesting the same amount of wood. Our results also show that TRIAD+ increased the resilience of 
mature biomass in the landscape following different severe disturbances. This could in turn help sustain several import-
ant forest ecosystem functions (e.g., seed production, carbon storage, etc.) under unpredictable future extreme events. 
However, our results also highlight important issues in the practical aspects of functional enrichment: the difficulty of trying 
to prepare forests for multiple possible extreme events as well as climate changes, and the limitations of landscape-scale 
models like LANDIS-II to model the effects of functional response diversity.

4.1. Climate as the main driver of the dynamics and resilience of the landscape

Among the three factors that we varied in our scenarios, climate stood out as having the greatest effect throughout our 
simulations (see “Results”). This is particularly apparent when comparing the temporal dynamics of the total mature 
biomass in the landscape (B

L
) in scenarios with or without a catastrophe (Fig 4 and 6). In the scenarios with a large fire 

and severe drought, B
L
 dropped drastically at t = 100 but rapidly (within 50 years) recovered to similar values found in the 

corresponding scenarios without catastrophes. In addition, the scenarios without any catastrophe clearly illustrate that B
L
 

decreased with increasing intensity in climate change (Fig 4, bottom row). Taken together, these observations suggest that 
climate conditions were the strongest drivers determining the dynamics of B

L
, and not the simulated management strate-

gies nor the punctual disturbances.
Our resilience measures also captured the impact of climate on species’ growth. Indeed, scenarios with more intense 

climate change (i.e., RCP 8.5) presented lower resilience values compared to the baseline and RCP 4.5 scenarios (Fig 7). 
In the RCP 4.5 scenarios, climate change increased the number of fires (see S1 Appendix E in S1 File) and reduced the 
growth capabilities of certain species compared to the baseline; however, it also improved the growth of other (thermo-
philic) species, reducing the differences with baseline scenarios. In contrast, in the RCP 8.5 scenarios, climate increased 
fire activity and was associated with reduced growth parameters. Our results thus reflect the reported uncertainty regard-
ing the general effect of climate change on forest growth since it may be beneficial through certain processes (e.g., longer 
growing seasons, CO2 fertilization, etc.; not all considered in this study), but detrimental through others (e.g., more fre-
quent natural disturbances, more hydric stress, etc.) [105,106].

Besides changes in B
L
, climate change was also responsible for important shifts in B

FG
 (Fig 6). Specifically, the total 

biomass of functional groups of hardwood species like red oak, trembling aspen, red maple or sugar maple strongly 
increased throughout all simulations, but even more so under the RCP 4.5 and 8.5 climate scenarios (Fig 6, blue and 
green areas). On the other hand, the total biomass of functional groups of softwood species like black spruce, white 
spruce or balsam fir decreased markedly over time, especially under the RCP 4.5 and RCP 8.5 climate scenarios (Fig 6, 
yellow, orange and red areas). This decrease in softwood biomass resulted in the collapse of the current main economic 
tree species in Quebec, echoing previous concerns in the literature as to the sustainability of Canada’s forestry sector 
under climate change [107].

4.2. Species growth limiting the effect of functional enrichment on functional response diversity

Functional planting, implemented in the TRIAD+ and BAU-PlantFunct scenarios, led to an increase in the mean functional 
diversity (F̅D̅S) over time compared to the BAU and TRIAD scenarios (Fig 5). However, this increase plateaued with time 
– a trend that can be observed for both management scenarios in the temporal evolution of F̅D̅

S
 (Fig 5) and of B

FG,
 the 

total biomass of functional groups (Fig 6). This saturation suggests that fine scale mechanisms, such as species growth 
and competition, may limit the ability of functional enrichment to diversify this landscape in the long term, especially in the 
context of climate change. In our model, we implemented functional enrichment by systematically planting a single age 
cohort of tree species from rare or missing functional groups at the stand scale. Amongst the pool of potential species, 
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we always selected the species with the highest growth performance relative to the local soil and climatic conditions. 
However, this planting followed a clear cut that kept 10% of the stand biomass, hence preserving species from the orig-
inal functional groups. As such, once planted, rarer functional groups would often be unable to compete as their growth 
parameters (maxANPP) were relatively smaller than those of the original species that were thriving under local climate 
and soil conditions. This was often the case even though our algorithm selected the most adapted species of the rare 
functional groups to plant in the given cell. As such, these original species would rapidly outgrow the newly introduced 
ones. Given that we used a measure of functional diversity weighted by the abundance of functional groups, the increase 
in FD

S
 was thus saturated by the limited performance of species from additional functional groups.

4.3. Low effect of the functional response diversity on stand resilience

The relatively small effect of our management strategies on the resilience of the mature biomass in the landscape (B
L
; Fig 

7) can be interpreted in two ways. On the one hand, our implementation of functional planting might not have increased 
the functional response diversity of stands enough to influence their resilience sufficiently (see previous section). On the 
other hand, the effect of functional response diversity on stand resilience might be small to begin with. Indeed, several 
empirical studies have observed that the effect of functional response diversity on forest resilience was either absent, 
small, or highly contextual [108–111]. More generally, Yang et al. [112] argue that functional traits can be poor predictors of 
tree demographics when the focus is on species rather than individuals, when contextual information about the trait values 
is missing (e.g., biogeographic, phenotypic), or when functions important to tree demographics are not being captured by 
the most measured traits.

In contrast to these empirical studies, simulations of tropical forest dynamics using stand-scale individual-based models 
revealed a positive effect of functional response diversity on forest resilience [113,114]. However, these effects were 
conditional on how vegetation dynamics was represented in the models. In particular, Schmitt et al. [114] indicated that 
functional response diversity improved stand resilience to disturbances through complementarity mechanisms between 
species with different traits (niche partitioning and facilitation). They also noted that the effect of functional response diver-
sity was only temporary as complementarity effects quickly gave way to interspecific competition. Therefore, the effect of 
functional response diversity on forest resilience may depend on the studied disturbance, the local environmental condi-
tions (slope, etc.) or the forest age. It is also possible that individual-based models are better suited to capture the effect 
of functional response diversity compared with models, such as LANDIS-II, that are based on age-cohort dynamics (see 
“"Limitations on model limitations).

In addition, functional enrichment planting with the wide goal of increasing functional response diversity may sometimes 
be less effective than other forms of planting to increase forest resilience. For example, several studies have found that 
planting species adapted to specific disturbances or climate conditions could increase the resilience of forest landscapes 
following these disturbances [115–117]. We argue that this reflects a trade-off between protecting against a broad range of 
uncertain future conditions and protecting against specific disturbances or aspects of climate change. While the broader 
strategy might prove less effective when the threats are well known and defined, it might be more effective when facing 
the unexpected threats that await forests.

4.4. Is TRIAD+ a good compromise?

An important goal of our study was to assess whether TRIAD+ could produce a good trade-off between conservation, 
production and adaptation in the landscape. At first glance, our results might indicate that TRIAD+ was slightly less 
effective than the BAU-PlantFunct strategy, as the latter resulted in slightly higher values of BL, F ̅D ̅

S
, R, NC and RR in 

several cases. Specifically, when compared with values for the TRIAD + , the BAU-PlantFunct scenario led to slightly 
higher values of BL (Fig 4), similar values of F ̅D ̅

S
 (Fig 5), and an equal or slightly improved resilience for the mature 

biomass in the landscape (Fig 7). However, the performance of the BAU-PlantFunct scenario must be contrasted with 
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the fact that TRIAD scenarios contained more than twice the quantity of protected areas (reserves) than the BAU sce-
narios. Indeed, the TRIAD+ scenario had 24% of its forested surface defined as protected areas compared to 9% for the 
BAU- PlantFunct scenario, and still resulted in similar values of BL, F ̅D ̅

S
 and resilience. Although the tested management 

scenarios mostly produced small differences in mature biomass, functional diversity, and resilience (S1 Appendix F in S1 
File), TRIAD+ can be considered as an appealing avenue to satisfy multiple management goals including resilience to 
future changes.

4.5. Limitations

Our results also suggest some limitations in our modelling methodology. Firstly, the strong effect of climate on the dynam-
ics of BL, F̅D̅

S
 and resilience could be explained by how succession dynamics and biomass accumulation are represented 

in the LANDIS-II Biomass Succession extension we employed. In this extension, each tree species is associated with a 
maximum annual net primary productivity (ANPP) and a maximum biomass per age cohort that depend on ecoregion and 
climate [118]. Thus, climate acts on the mature biomass of age cohorts both as a “hard ceiling” via the maximum biomass 
parameter, and as an “escalator” via the maximum ANPP. Therefore, following any disturbance event, the mature biomass 
of remaining age cohorts could quickly recover. As such, the strong effect of climate reduced the potential variations in 
mature biomass caused by other factors, such as forest management and catastrophic events.

Secondly, the Biomass Succession extension may also be responsible for the relatively poor growth of species from 
rare functional groups. Indeed, the main drivers of forest dynamics in this extension are relatively simple spatially implicit 
competition for shade and growth, with growth being mostly influenced by climatic conditions in our study area. More 
complex succession extensions of LANDIS-II, such as the PnET succession extension [119], might therefore have yielded 
different results by dynamically simulating other mechanisms that influence species’ performance at the local scale such 
as water availability, spatially explicit self-thinning, nutrient competition, or complementarity effects.

4.6. Guidelines and considerations for future studies

Our study highlights important considerations on the potential effects of forestry and climate change on future forest eco-
systems which can serve as guiding principles in investigating novel resilience-based management strategies. Firstly, the 
strong effect of climate on the dynamics of mature biomass and functional diversity, compared to the four tested man-
agement strategies, suggests that human efforts to shape future forest composition and resilience under climate change 
will need to be considerable. It will require frequent interventions carried across large scales to successfully guide forest 
ecosystems into resilient states and maintain this resilience.

Secondly, our results emphasize the challenges surrounding the practice of functional planting. In particular, species 
selected for functional plantations may not always be able to thrive in the long-term. In our case, part of our functional 
planting strategy was to select species from rare functional groups. However, even if these new species have functional 
traits well adapted to future conditions, they may be poor competitors in these novel communities. In such situations, 
frequent interventions in stands (e.g., via commercial thinning) across a large spatial scale might be required to balance 
the relative abundance of different functional groups over time. This implies that sustaining the effects of functional enrich-
ment may be a complex and costly operation in certain forests. Other planting strategies focused on specific disturbances 
or on species expected to “win” under climate change could be considered, although the uncertainty of future forest dis-
turbances may limit the success of such strategies. As such, while the limitations of our study do not allow us to dismiss 
functional planting as an effective or practical strategy to enhance forest resilience (see previous section), we believe 
that our results highlight caveats and difficulties that must be considered in future studies. We also believe that while the 
potentially beneficial effect of functional planting on forest resilience seems to be validated by our model, its importance 
and efficacy when compared to alternative strategies still remains to be explored, as our results show a relatively small 
effect.
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Thirdly, the contrast between our findings and those of other studies suggest that the simulation of fine-scale processes 
of forest dynamics should be improved in forest landscape models such as LANDIS-II. Indeed, the intra-cell dynamics 
in LANDIS-II remains spatially-implicit and does not simulate some small-scale processes such as nutrient and water 
competition or complementarity effects. As such, in its current form, the ability of LANDIS-II to capture the regeneration 
dynamics of forest stands following silvicultural intervention is limited.

Fourthly, the collapse in the abundance of several commercial tree species suggests that the construction industry, in 
tandem with the forest industry, will have no choice but to adapt their practices to stay viable in the future. Both industries 
will have to harvest and use trees of a more diverse set of species than what is currently the norm [120].

Fifthly, the model assumed that catastrophic disturbances affected all age cohorts equally. However, natural distur-
bances are known to affect trees of different ages in different ways. For example, recent studies suggest that older and 
younger trees can differ in their resistance and resilience to drought, due in part to their root system [121,122]. Fire resis-
tance is also expected to increase with age due to bark thickness [92]. In addition, tree age can be an important factor in 
predicting tree mortality from some insect outbreaks such as the spruce budworm which causes increased mortality to 
mature trees [123]. Should we have taken these nuances into account, it is possible that our catastrophic events might 
have influenced forest resilience differently, by favoring either older or younger tree survival depending on the event.

Finally, our study echoes concern that developing multifunctional forest management strategies is no longer a sufficient 
goal, as shown by the very similar performance of the classic TRIAD and BAU scenarios regarding forest resilience. But 
management decisions now can shape tomorrow’s forests, and therefore must include objectives of adaptation. As the 
climate warms and humanity’s population and resource consumption continue to increase, the future of forests worldwide 
becomes more and more uncertain. It is therefore our responsibility to find ways to help forests adapt to a world where life 
on Earth – from humans to trees – is now facing the unknown of the Anthropocene.

Supporting information

S1 File.  Appendices giving additional figures and details about the parameterization of LANDIS-II. 
(DOCX)

Acknowledgments

We want to thank Hervé Jactel for his help with the effect size of stand mixture on insect damage.

Author contributions

Conceptualization: Clément Hardy, Christian Messier, Elise Filotas.

Data curation: Clément Hardy, Yan Boulanger, Dominic Cyr.

Formal analysis: Clément Hardy.

Funding acquisition: Christian Messier, Elise Filotas.

Investigation: Clément Hardy, Elise Filotas.

Methodology: Clément Hardy, Christian Messier, Elise Filotas.

Project administration: Elise Filotas.

Resources: Christian Messier, Elise Filotas.

Software: Clément Hardy, Yan Boulanger, Dominic Cyr.

Supervision: Christian Messier, Elise Filotas.

Validation: Clément Hardy.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326627.s001


PLOS One | https://doi.org/10.1371/journal.pone.0326627 June 27, 2025 22 / 26

Visualization: Clément Hardy.

Writing – original draft: Clément Hardy.

Writing – review & editing: Christian Messier, Yan Boulanger, Dominic Cyr, Elise Filotas.

References
 1. FAO, UNEP. The State of the World’s Forests 2020. 2020. https://doi.org/10.4060/ca8642en

 2. Fowler D, Coyle M, Skiba U, Sutton MA, Cape JN, Reis S, et al. The global nitrogen cycle in the twenty-first century. Philos Trans R Soc Lond B 
Biol Sci. 2013;368(1621):20130164. https://doi.org/10.1098/rstb.2013.0164 PMID: 23713126

 3. Ellison D, Morris CE, Locatelli B, Sheil D, Cohen J, Murdiyarso D, et al. Trees, forests and water: Cool insights for a hot world. Global Environmen-
tal Change. 2017;43:51–61. https://doi.org/10.1016/j.gloenvcha.2017.01.002

 4. Mitchard ETA. The tropical forest carbon cycle and climate change. Nature. 2018;559(7715):527–34. https://doi.org/10.1038/s41586-018-0300-2 
PMID: 30046067

 5. Clark WA. Clarifying the spiritual values of forests and their role in sustainable forest management. JSRNC. 2011;5(1):18–38. https://doi.
org/10.1558/jsrnc.v5i1.18

 6. Burrows MT, Schoeman DS, Buckley LB, Moore P, Poloczanska ES, Brander KM, et al. The pace of shifting climate in marine and terrestrial eco-
systems. Science. 2011;334(6056):652–5. https://doi.org/10.1126/science.1210288 PMID: 22053045

 7. Millar CI, Stephenson NL. Temperate forest health in an era of emerging megadisturbance. Science. 2015;349(6250):823–6. https://doi.
org/10.1126/science.aaa9933

 8. Referowska-Chodak E. Pressures and Threats to Nature Related to Human Activities in European Urban and Suburban Forests. Forests. 
2019;10(9):765. https://doi.org/10.3390/f10090765

 9. Vitousek PM. Beyond Global Warming: Ecology and Global Change. Ecology. 1994;75(7):1861–76. https://doi.org/10.2307/1941591

 10. Steffen W, Sanderson RA, Tyson PD, Jäger J, Matson PA, Moore III B, et al. Global change and the earth system: a planet under pressure. 
Springer Science & Business Media. 2006.

 11. Seidl R, Honkaniemi J, Aakala T, Aleinikov A, Angelstam P, Bouchard M, et al. Globally consistent climate sensitivity of natural disturbances across 
boreal and temperate forest ecosystems. Ecography. 2020;43(7):967–78. https://doi.org/10.1111/ecog.04995

 12. FAOSTAT. FAOSTAT Database on Agriculture. Rome: Food and Agriculture Organization of the United Nations; 2019. Available from: http://faostat.
fao.org/

 13. FAOSTAT. FAOSTAT Forestry Production and Trade Database. Rome: Food and Agriculture Organization of the United Nations; 2019. Available 
from: http://www.fao.org/faostat/en/#data/FO

 14. FAO, OAA. State of the world’s forests 2012. Rome: Food and Agriculture Organization of the United Nations; 2012.

 15. Chaudhary A, Burivalova Z, Koh LP, Hellweg S. Impact of Forest Management on Species Richness: Global Meta-Analysis and Economic Trade-
Offs. Sci Rep. 2016;6:23954. https://doi.org/10.1038/srep23954 PMID: 27040604

 16. Cyr D, Gauthier S, Bergeron Y, Carcaillet C. Forest management is driving the eastern North American boreal forest outside its natural range of 
variability. Frontiers in Ecol & Environ. 2009;7(10):519–24. https://doi.org/10.1890/080088

 17. Dieler J, Uhl E, Biber P, Müller J, Rötzer T, Pretzsch H. Effect of forest stand management on species composition, structural diversity, and produc-
tivity in the temperate zone of Europe. Eur J Forest Res. 2017;136(4):739–66. https://doi.org/10.1007/s10342-017-1056-1

 18. Martin M, Boucher Y, Fenton NJ, Marchand P, Morin H. Forest management has reduced the structural diversity of residual boreal old-growth forest 
landscapes in Eastern Canada. Forest Ecology and Management. 2020;458:117765. https://doi.org/10.1016/j.foreco.2019.117765

 19. Torras O, Saura S. Effects of silvicultural treatments on forest biodiversity indicators in the Mediterranean. Forest Ecology and Management. 
2008;255(8–9):3322–30. https://doi.org/10.1016/j.foreco.2008.02.013

 20. Haddad NM, Brudvig LA, Clobert J, Davies KF, Gonzalez A, Holt RD, et al. Habitat fragmentation and its lasting impact on Earth’s ecosystems. Sci 
Adv. 2015;1(2):e1500052. https://doi.org/10.1126/sciadv.1500052 PMID: 26601154

 21. Betts M, Yang Z, Hadley A, Rousseau J, Northrup J, Nocera J, et al. Forest degradation, not loss, drives widespread avian population declines. 
2021 [cited 20 Jul 2021]. https://doi.org/10.21203/rs.3.rs-686817/v1

 22. Messier C, Puettmann KJ, Coates KD. Managing forests as complex adaptive systems: Building resilience to the challenge of global change. Rout-
ledge. 2013.

 23. Messier C, Puettmann K, Chazdon R, Andersson KP, Angers VA, Brotons L, et al. From Management to Stewardship: Viewing Forests As Complex 
Adaptive Systems in an Uncertain World. Conservation Letters. 2015;8(5):368–77. https://doi.org/10.1111/conl.12156

 24. Sasaki T, Furukawa T, Iwasaki Y, Seto M, Mori AS. Perspectives for ecosystem management based on ecosystem resilience and ecological thresh-
olds against multiple and stochastic disturbances. Ecological Indicators. 2015;57:395–408. https://doi.org/10.1016/j.ecolind.2015.05.019

 25. Loreau M, Barbier M, Filotas E, Gravel D, Isbell F, Miller SJ, et al. Biodiversity as insurance: from concept to measurement and application. Biol 
Rev Camb Philos Soc. 2021;96(5):2333–54. https://doi.org/10.1111/brv.12756 PMID: 34080283

https://doi.org/10.4060/ca8642en
https://doi.org/10.1098/rstb.2013.0164
http://www.ncbi.nlm.nih.gov/pubmed/23713126
https://doi.org/10.1016/j.gloenvcha.2017.01.002
https://doi.org/10.1038/s41586-018-0300-2
http://www.ncbi.nlm.nih.gov/pubmed/30046067
https://doi.org/10.1558/jsrnc.v5i1.18
https://doi.org/10.1558/jsrnc.v5i1.18
https://doi.org/10.1126/science.1210288
http://www.ncbi.nlm.nih.gov/pubmed/22053045
https://doi.org/10.1126/science.aaa9933
https://doi.org/10.1126/science.aaa9933
https://doi.org/10.3390/f10090765
https://doi.org/10.2307/1941591
https://doi.org/10.1111/ecog.04995
http://faostat.fao.org/
http://faostat.fao.org/
http://www.fao.org/faostat/en/#data/FO
https://doi.org/10.1038/srep23954
http://www.ncbi.nlm.nih.gov/pubmed/27040604
https://doi.org/10.1890/080088
https://doi.org/10.1007/s10342-017-1056-1
https://doi.org/10.1016/j.foreco.2019.117765
https://doi.org/10.1016/j.foreco.2008.02.013
https://doi.org/10.1126/sciadv.1500052
http://www.ncbi.nlm.nih.gov/pubmed/26601154
https://doi.org/10.21203/rs.3.rs-686817/v1
https://doi.org/10.1111/conl.12156
https://doi.org/10.1016/j.ecolind.2015.05.019
https://doi.org/10.1111/brv.12756
http://www.ncbi.nlm.nih.gov/pubmed/34080283


PLOS One | https://doi.org/10.1371/journal.pone.0326627 June 27, 2025 23 / 26

 26. Walker B, Crépin A-S, Nyström M, Anderies JM, Andersson E, Elmqvist T, et al. Response diversity as a sustainability strategy. Nat Sustain. 
2023;6(6):621–9. https://doi.org/10.1038/s41893-022-01048-7

 27. Díaz S, Purvis A, Cornelissen JHC, Mace GM, Donoghue MJ, Ewers RM, et al. Functional traits, the phylogeny of function, and ecosystem service 
vulnerability. Ecol Evol. 2013;3(9):2958–75. https://doi.org/10.1002/ece3.601 PMID: 24101986

 28. Ross SRP ‐J., Petchey OL, Sasaki T, Armitage DW. How to measure response diversity. Methods Ecol Evol. 2023;14(5):1150–67. https://doi.
org/10.1111/2041-210x.14087

 29. Mori AS, Furukawa T, Sasaki T. Response diversity determines the resilience of ecosystems to environmental change. Biol Rev Camb Philos Soc. 
2013;88(2):349–64. https://doi.org/10.1111/brv.12004 PMID: 23217173

 30. Oliver TH, Heard MS, Isaac NJB, Roy DB, Procter D, Eigenbrod F, et al. Biodiversity and Resilience of Ecosystem Functions. Trends Ecol Evol. 
2015;30(11):673–84. https://doi.org/10.1016/j.tree.2015.08.009 PMID: 26437633

 31. Messier C, Bauhus J, Doyon F, Maure F, Sousa-Silva R, Nolet P, et al. The functional complex network approach to foster forest resilience to global 
changes. For Ecosyst. 2019;6(1). https://doi.org/10.1186/s40663-019-0166-2

 32. de Bello F, Lavorel S, Hallett LM, Valencia E, Garnier E, Roscher C, et al. Functional trait effects on ecosystem stability: assembling the jigsaw 
puzzle. Trends Ecol Evol. 2021;36(9):822–36. https://doi.org/10.1016/j.tree.2021.05.001 PMID: 34088543

 33. Seidl R, Spies TA, Peterson DL, Stephens SL, Hicke JA. Searching for resilience: addressing the impacts of changing disturbance regimes on 
forest ecosystem services. J Appl Ecol. 2016;53(1):120–9. https://doi.org/10.1111/1365-2664.12511 PMID: 26966320

 34. Aquilué N, Filotas É, Craven D, Fortin M-J, Brotons L, Messier C. Evaluating forest resilience to global threats using functional response traits and 
network properties. Ecol Appl. 2020;30(5):e02095. https://doi.org/10.1002/eap.2095 PMID: 32080941

 35. Mina M, Messier C, Duveneck MJ, Fortin M-J, Aquilué N. Managing for the unexpected: Building resilient forest landscapes to cope with global 
change. Glob Chang Biol. 2022;28(14):4323–41. https://doi.org/10.1111/gcb.16197 PMID: 35429213

 36. Gauthier S, Vaillancourt MA. Aménagement écosystémique en forêt boréale. PUQ; 2008.

 37. Brang P, Spathelf P, Larsen JB, Bauhus J, Boncčìna A, Chauvin C, et al. Suitability of close-to-nature silviculture for adapting temperate European 
forests to climate change. Forestry. 2014;87: 492–503.

 38. Franklin JF, Johnson KN, Johnson DL. Ecological Forest Management. Waveland Press; 2018.

 39. Keane RE, Hessburg PF, Landres PB, Swanson FJ. The use of historical range and variability (HRV) in landscape management. Forest Ecology 
and Management. 2009;258(7):1025–37. https://doi.org/10.1016/j.foreco.2009.05.035

 40. Puettmann KJ, Wilson SM, Baker SC, Donoso PJ, Drössler L, Amente G, et al. Silvicultural alternatives to conventional even-aged forest manage-
ment - what limits global adoption?. For Ecosyst. 2015;2(1). https://doi.org/10.1186/s40663-015-0031-x

 41. Seymour RS, Hunter ML Jr. New Forestry in Eastern Spruce-Fir Forests: Principles and Applications to Maine. Maine Agricultural and For-
est Expriment Station. 1992. Available from: https://digitalcommons.library.umaine.edu/cgi/viewcontent.cgi?referer=https://www.google.
com/&httpsredir=1&article=1027&context=aes_miscpubs

 42. Messier C, Betts M, Tittler R, Paquette A. A novel TRIAD approach to increase resilience of the forest landscape to global change: or how to make 
a better omelette without cracking too many. How to balance forestry and biodiversity conservation – A view across Europe. 2020.

 43. Côté P, Tittler R, Messier C, Kneeshaw DD, Fall A, Fortin M-J. Comparing different forest zoning options for landscape-scale management of the 
boreal forest: Possible benefits of the TRIAD. Forest Ecology and Management. 2010;259(3):418–27. https://doi.org/10.1016/j.foreco.2009.10.038

 44. Tittler R, Messier C, Goodman RC. Triad forest management: local fix or global solution. Ecological forest management handbook. Boca Raton: 
CRC Press; 2016. p. 33–45.

 45. Blattert C, Eyvindson K, Mönkkönen M, Raatikainen KJ, Triviño M, Duflot R. Enhancing multifunctionality in European boreal forests: The potential 
role of Triad landscape functional zoning. J Environ Manage. 2023;348:119250. https://doi.org/10.1016/j.jenvman.2023.119250 PMID: 37864945

 46. Paquette A, Bouchard A, Cogliastro A. Survival and growth of under-planted trees: a meta-analysis across four biomes. Ecol Appl. 
2006;16(4):1575–89. https://doi.org/10.1890/1051-0761(2006)016[1575:sagout]2.0.co;2 PMID: 16937819

 47. Aubin I, Munson AD, Cardou F, Burton PJ, Isabel N, Pedlar JH, et al. Traits to stay, traits to move: a review of functional traits to assess sensitivity 
and adaptive capacity of temperate and boreal trees to climate change. Environ Rev. 2016;24(2):164–86. https://doi.org/10.1139/er-2015-0072

 48. Craven D, Filotas E, Angers VA, Messier C. Evaluating resilience of tree communities in fragmented landscapes: linking functional response diver-
sity with landscape connectivity. Diversity and Distributions. 2016;22(5):505–18. https://doi.org/10.1111/ddi.12423

 49. Stevens-Rumann CS, Kemp KB, Higuera PE, Harvey BJ, Rother MT, Donato DC, et al. Evidence for declining forest resilience to wildfires under 
climate change. Ecol Lett. 2018;21(2):243–52. https://doi.org/10.1111/ele.12889 PMID: 29230936

 50. Hardy C, Messier C, Boulanger Y, Cyr D, Filotas É. Land sparing and sharing patterns in forestry: exploring even-aged and uneven-aged manage-
ment at the landscape scale. Landsc Ecol. 2023;38(11):2815–38. https://doi.org/10.1007/s10980-023-01742-7

 51. Baccini A, Walker W, Carvalho L, Farina M, Sulla-Menashe D, Houghton RA. Tropical forests are a net carbon source based on aboveground mea-
surements of gain and loss. Science. 2017;358(6360):230–4. https://doi.org/10.1126/science.aam5962 PMID: 28971966

 52. Scheller RM, Domingo JB, Sturtevant BR, Williams JS, Rudy A, Gustafson EJ, et al. Design, development, and application of LANDIS-II, a spatial 
landscape simulation model with flexible temporal and spatial resolution. Ecological Modelling. 2007;201(3–4):409–19. https://doi.org/10.1016/j.
ecolmodel.2006.10.009

https://doi.org/10.1038/s41893-022-01048-7
https://doi.org/10.1002/ece3.601
http://www.ncbi.nlm.nih.gov/pubmed/24101986
https://doi.org/10.1111/2041-210x.14087
https://doi.org/10.1111/2041-210x.14087
https://doi.org/10.1111/brv.12004
http://www.ncbi.nlm.nih.gov/pubmed/23217173
https://doi.org/10.1016/j.tree.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26437633
https://doi.org/10.1186/s40663-019-0166-2
https://doi.org/10.1016/j.tree.2021.05.001
http://www.ncbi.nlm.nih.gov/pubmed/34088543
https://doi.org/10.1111/1365-2664.12511
http://www.ncbi.nlm.nih.gov/pubmed/26966320
https://doi.org/10.1002/eap.2095
http://www.ncbi.nlm.nih.gov/pubmed/32080941
https://doi.org/10.1111/gcb.16197
http://www.ncbi.nlm.nih.gov/pubmed/35429213
https://doi.org/10.1016/j.foreco.2009.05.035
https://doi.org/10.1186/s40663-015-0031-x
https://digitalcommons.library.umaine.edu/cgi/viewcontent.cgi?referer=https://www.google.com/&httpsredir=1&article=1027&context=aes_miscpubs
https://digitalcommons.library.umaine.edu/cgi/viewcontent.cgi?referer=https://www.google.com/&httpsredir=1&article=1027&context=aes_miscpubs
https://doi.org/10.1016/j.foreco.2009.10.038
https://doi.org/10.1016/j.jenvman.2023.119250
http://www.ncbi.nlm.nih.gov/pubmed/37864945
https://doi.org/10.1890/1051-0761(2006)016[1575:sagout]2.0.co;2
http://www.ncbi.nlm.nih.gov/pubmed/16937819
https://doi.org/10.1139/er-2015-0072
https://doi.org/10.1111/ddi.12423
https://doi.org/10.1111/ele.12889
http://www.ncbi.nlm.nih.gov/pubmed/29230936
https://doi.org/10.1007/s10980-023-01742-7
https://doi.org/10.1126/science.aam5962
http://www.ncbi.nlm.nih.gov/pubmed/28971966
https://doi.org/10.1016/j.ecolmodel.2006.10.009
https://doi.org/10.1016/j.ecolmodel.2006.10.009


PLOS One | https://doi.org/10.1371/journal.pone.0326627 June 27, 2025 24 / 26

 53. Bergeron Y, Fenton NJ. Boreal forests of eastern Canada revisited: old growth, nonfire disturbances, forest succession, and biodiversity. Botany. 
2012;90(6):509–23. https://doi.org/10.1139/b2012-034

 54. Boulanger Y, Arseneault D, Morin H, Jardon Y, Bertrand P, Dagneau C. Dendrochronological reconstruction of spruce budworm (Choristoneura 
fumiferana) outbreaks in southern Quebec for the last 400 years1This article is one of a selection of papers from the 7th International Conference 
on Disturbance Dynamics in Boreal Forests. Can J For Res. 2012;42:1264–76. https://doi.org/10.1139/x2012-069

 55. MFFP. Plan d’aménagement forestier intégré tactique (PAFIT) 2018-2023 de l’Unité d’aménagement 042-51 de la Région de la Mauricie et du 
Centre-Du-Québec. 2018. Available: https://mffp.gouv.qc.ca/wp-content/uploads/PAFIT_042-51_2018-2023.pdf

 56. Moss RH, Babiker M, Brinkman S, Calvo E, Carter T, Edmonds JA, et al. Towards new scenarios for analysis of emissions, climate change, 
impacts, and response strategies. Richland, WA (United States): Pacific Northwest National Lab.(PNNL); 2008.

 57. Seidl R, Thom D, Kautz M, Martin-Benito D, Peltoniemi M, Vacchiano G, et al. Forest disturbances under climate change. Nat Clim Chang. 
2017;7:395–402. https://doi.org/10.1038/nclimate3303 PMID: 28861124

 58. NASA. Tracking Canada’s Extreme 2023 Fire Season. NASA Earth Observatory; 25 Oct 2023 [cited 22 Dec 2023]. Available: https://earthobserva-
tory.nasa.gov/images/151985/tracking-canadas-extreme-2023-fire-season

 59. Paddison L. Weather that drove eastern Canada’s devastating wildfires made twice as likely by climate change. In: CNN [Internet]. 22 Aug 2023 
[cited 22 Dec 2023]. Available from: https://www.cnn.com/2023/08/22/americas/canada-wildfires-climate-change-quebec/index.html

 60. Jain P, Barber QE, Taylor S, Whitman E, Acuna DC, Boulanger Y, et al. Canada Under Fire – Drivers and Impacts of the Record-Breaking 2023 
Wildfire Season. 2024. https://doi.org/10.22541/essoar.170914412.27504349/v1

 61. Zhao C, Brissette F, Chen J, Martel J-L. Frequency change of future extreme summer meteorological and hydrological droughts over North Amer-
ica. Journal of Hydrology. 2020;584:124316. https://doi.org/10.1016/j.jhydrol.2019.124316

 62. Hanes CC, Wang X, Jain P, Parisien M-A, Little JM, Flannigan MD. Fire-regime changes in Canada over the last half century. Can J For Res. 
2019;49(3):256–69. https://doi.org/10.1139/cjfr-2018-0293

 63. Nealis V, Peter B. Risk assessment of the threat of mountain pine beetle to Canadaś boreal and eastern pin forests. Victoria, BC; 2008.

 64. Safranyik L, Carroll AL, Régnière J, Langor DW, Riel WG, Shore TL, et al. Potential for range expansion of mountain pine beetle into the boreal 
forest of North America. Can Entomol. 2010;142(5):415–42. https://doi.org/10.4039/n08-cpa01

 65. Cooke BJ, Carroll AL. Predicting the risk of mountain pine beetle spread to eastern pine forests: Considering uncertainty in uncertain times. Forest 
Ecology and Management. 2017;396:11–25. https://doi.org/10.1016/j.foreco.2017.04.008

 66. Tremblay JA, Boulanger Y, Cyr D, Taylor AR, Price DT, St-Laurent M-H. Harvesting interacts with climate change to affect future habitat quality of a 
focal species in eastern Canada’s boreal forest. PLoS One. 2018;13(2):e0191645. https://doi.org/10.1371/journal.pone.0191645 PMID: 29414989

 67. Boulanger Y, Pascual Puigdevall J. Boreal forests will be more severely affected by projected anthropogenic climate forcing than mixedwood and 
northern hardwood forests in eastern Canada. Landscape Ecol. 2021;36(6):1725–40. https://doi.org/10.1007/s10980-021-01241-7

 68. Boulanger Y, Taylor AR, Price DT, Cyr D, McGarrigle E, Rammer W, et al. Climate change impacts on forest landscapes along the Canadian south-
ern boreal forest transition zone. Landscape Ecol. 2017;32(7):1415–31. https://doi.org/10.1007/s10980-016-0421-7

 69. Shinneman DJ, Cornett MW, Palik BJ. Simulating restoration strategies for a southern boreal forest landscape with complex land ownership pat-
terns. Forest Ecology and Management. 2010;259(3):446–58. https://doi.org/10.1016/j.foreco.2009.10.042

 70. Sturtevant BR, Miranda BR, Shinneman DJ, Gustafson EJ, Wolter PT. Comparing modern and presettlement forest dynamics of a subboreal wil-
derness: does spruce budworm enhance fire risk?. Ecol Appl. 2012;22(4):1278–96. https://doi.org/10.1890/11-0590.1 PMID: 22827135

 71. Alain D, Boudreau J-F, Philibert Y, Pomerleau I, Québec (Province), Direction des inventaires forestiers. Placettes-échantillons temporaires: 
normes techniques. 2016. Available from: http://collections.banq.qc.ca/ark:/52327/2748267

 72. Alain D, Boudreau J-F, Philibert Y, Pomerleau I, Québec (Province), Direction des inventaires forestiers. Placettes-échantillons permanentes: 
normes techniques. 2016. Available from: http://collections.banq.qc.ca/ark:/52327/2748265

 73. MFFP. Cartographie du 5e inventaire écoforestier du Québec méridional - Méthodes et données associées. 2018. Available from: http://collections.
banq.qc.ca/ark:/52327/3466439

 74. Lexer MJ, Hönninger K. A modified 3D-patch model for spatially explicit simulation of vegetation composition in heterogeneous landscapes. Forest 
Ecology and Management. 2001;144(1–3):43–65. https://doi.org/10.1016/s0378-1127(00)00386-8

 75. Sylvain J-D, Roy M-E, Tousignant D. Projet SIIGSOL: une cartographie numérique des sols pour soutenir l’aménagement forestier. 
Direction de la recherche forestière du Ministère des Ressources Naturelles et des Forêts du Québec; 2022. Available from: https://
mffp.gouv.qc.ca/nos-publications/projet-siigsol-cartographie-numerique-amenagement-forestier/?retour=https%3A%2F%2Fmffp.gouv.
qc.ca%2Fauteurs-ministeriels%2Fjean-daniel-sylvain

 76. Beaudoin A, Bernier PY, Guindon L, Villemaire P, Guo XJ, Stinson G, et al. Mapping attributes of Canada’s forests at moderate resolution through 
kNN and MODIS imagery. Can J For Res. 2014;44(5):521–32. https://doi.org/10.1139/cjfr-2013-0401

 77. Scheller RM, Mladenoff DJ. A forest growth and biomass module for a landscape simulation model, LANDIS: design, validation, and application. 
Ecological Modelling. 2004;180(1):211–29. https://doi.org/10.1016/j.ecolmodel.2004.01.022

 78. He HS, Mladenoff DJ. Spatially explicit and stochastic simulation of forest-landscape fire disturbance and succession. Ecology. 1999;80(1):81–99. 
https://doi.org/10.1890/0012-9658(1999)080[0081:seasso]2.0.co;2

https://doi.org/10.1139/b2012-034
https://doi.org/10.1139/x2012-069
https://mffp.gouv.qc.ca/wp-content/uploads/PAFIT_042-51_2018-2023.pdf
https://doi.org/10.1038/nclimate3303
http://www.ncbi.nlm.nih.gov/pubmed/28861124
https://earthobservatory.nasa.gov/images/151985/tracking-canadas-extreme-2023-fire-season
https://earthobservatory.nasa.gov/images/151985/tracking-canadas-extreme-2023-fire-season
https://www.cnn.com/2023/08/22/americas/canada-wildfires-climate-change-quebec/index.html
https://doi.org/10.22541/essoar.170914412.27504349/v1
https://doi.org/10.1016/j.jhydrol.2019.124316
https://doi.org/10.1139/cjfr-2018-0293
https://doi.org/10.4039/n08-cpa01
https://doi.org/10.1016/j.foreco.2017.04.008
https://doi.org/10.1371/journal.pone.0191645
http://www.ncbi.nlm.nih.gov/pubmed/29414989
https://doi.org/10.1007/s10980-021-01241-7
https://doi.org/10.1007/s10980-016-0421-7
https://doi.org/10.1016/j.foreco.2009.10.042
https://doi.org/10.1890/11-0590.1
http://www.ncbi.nlm.nih.gov/pubmed/22827135
http://collections.banq.qc.ca/ark:/52327/2748267
http://collections.banq.qc.ca/ark:/52327/2748265
http://collections.banq.qc.ca/ark:/52327/3466439
http://collections.banq.qc.ca/ark:/52327/3466439
https://doi.org/10.1016/s0378-1127(00)00386-8
https://mffp.gouv.qc.ca/nos-publications/projet-siigsol-cartographie-numerique-amenagement-forestier/?retour=https%3A%2F%2Fmffp.gouv.qc.ca%2Fauteurs-ministeriels%2Fjean-daniel-sylvain
https://mffp.gouv.qc.ca/nos-publications/projet-siigsol-cartographie-numerique-amenagement-forestier/?retour=https%3A%2F%2Fmffp.gouv.qc.ca%2Fauteurs-ministeriels%2Fjean-daniel-sylvain
https://mffp.gouv.qc.ca/nos-publications/projet-siigsol-cartographie-numerique-amenagement-forestier/?retour=https%3A%2F%2Fmffp.gouv.qc.ca%2Fauteurs-ministeriels%2Fjean-daniel-sylvain
https://doi.org/10.1139/cjfr-2013-0401
https://doi.org/10.1016/j.ecolmodel.2004.01.022
https://doi.org/10.1890/0012-9658(1999)080[0081:seasso]2.0.co;2


PLOS One | https://doi.org/10.1371/journal.pone.0326627 June 27, 2025 25 / 26

 79. Boulanger Y, Gauthier S, Burton PJ. A refinement of models projecting future Canadian fire regimes using homogeneous fire regime zones. Can J 
For Res. 2014;44(4):365–76. https://doi.org/10.1139/cjfr-2013-0372

 80. Jayen K, Leduc A, Bergeron Y. Effect of fire severity on regeneration success in the boreal forest of northwest Québec, Canada. Écoscience. 
2006;13(2):143–51. https://doi.org/10.2980/i1195-6860-13-2-143.1

 81. Régnière J, St-Amant R, Duval P. Predicting insect distributions under climate change from physiological responses: spruce budworm as an 
example. Biol Invasions. 2010;14(8):1571–86. https://doi.org/10.1007/s10530-010-9918-1

 82. Boulanger Y, Taylor AR, Price DT, Cyr D, Sainte‐Marie G. Stand‐level drivers most important in determining boreal forest response to climate 
change. Journal of Ecology. 2017;106(3):977–90. https://doi.org/10.1111/1365-2745.12892

 83. Hardy C. Magic Harvest LANDIS-II extension. 2022. Available from: https://github.com/Klemet/LANDIS-II-Magic-Harvest

 84. Perron M. Le mélèze hybride du québec, performant et racé. Avis de recherche forestière. 2011;37.

 85. Larocque GR, DesRochers A, Larchevêque M, Tremblay F, Beaulieu J, Mosseler A, et al. Research on hybrid poplars and willow species for 
fast-growing tree plantations: Its importance for growth and yield, silviculture, policy-making and commercial applications. The Forestry Chronicle. 
2013;89(01):32–41. https://doi.org/10.5558/tfc2013-009

 86. Government of Quebec. Outil de comparaison des essences. [cited 22 Dec 2023]. Available from: http://www2.publicationsduquebec.gouv.qc.ca/
essences/comparaison.php

 87. Poulain C. Lignes directrices relatives à la gestion des refuges biologiques. Gouvernement du Québec, ministère des Forêts, de la Faune et des 
Parcs, Direction de l’aménagement et de l’environnement forestiers; 2014. Available from: https://mffp.gouv.qc.ca/documents/forets/amenage-
ment/refuges-biologiques.pdf

 88. Riva F, Fahrig L. The disproportionately high value of small patches for biodiversity conservation. Conservation Letters. 2022;15(3). https://doi.
org/10.1111/conl.12881

 89. B. Walker R, D. Coop J, M. Downing W, A. Krawchuk M, L. Malone S, W. Meigs G. How Much Forest Persists Through Fire? High- Resolution 
Mapping of Tree Cover to Characterize the Abundance and Spatial Pattern of Fire Refugia Across Mosaics of Burn Severity. Forests. 
2019;10(9):782. https://doi.org/10.3390/f10090782

 90. Eberhart KE, Woodard PM. Distribution of residual vegetation associated with large fires in Alberta. Can J For Res. 1987;17(10):1207–12. https://
doi.org/10.1139/x87-186

 91. Krawchuk MA, Haire SL, Coop J, Parisien M, Whitman E, Chong G, et al. Topographic and fire weather controls of fire refugia in forested ecosys-
tems of northwestern North America. Ecosphere. 2016;7(12):e01632. https://doi.org/10.1002/ecs2.1632

 92. Moris JV, Reilly MJ, Yang Z, Cohen WB, Motta R, Ascoli D. Using a trait-based approach to asses fire resistance in forest landscapes of the 
Inland Northwest, USA. Landsc Ecol. 2022;37(8):2149–64. https://doi.org/10.1007/s10980-022-01478-w

 93. Paquette A, Messier C. The effect of biodiversity on tree productivity: from temperate to boreal forests. Global Ecology and Biogeography. 
2011;20(1):170–80. https://doi.org/10.1111/j.1466-8238.2010.00592.x

 94. Fichtner A, Schnabel F, Bruelheide H, Kunz M, Mausolf K, Schuldt A, et al. Neighbourhood diversity mitigates drought impacts on tree growth. 
Journal of Ecology. 2020;108(3):865–75. https://doi.org/10.1111/1365-2745.13353

 95. Grossiord C. Having the right neighbors: how tree species diversity modulates drought impacts on forests. New Phytol. 2020;228(1):42–9. https://
doi.org/10.1111/nph.15667 PMID: 30585635

 96. Long JA, Lawrence RL. Mapping Percent Tree Mortality Due to Mountain Pine Beetle Damage. Forest Science. 2016;62(4):392–402. https://doi.
org/10.5849/forsci.15-046

 97. Civitello DJ, Cohen J, Fatima H, Halstead NT, Liriano J, McMahon TA, et al. Biodiversity inhibits parasites: Broad evidence for the dilution effect. 
Proc Natl Acad Sci U S A. 2015;112(28):8667–71. https://doi.org/10.1073/pnas.1506279112 PMID: 26069208

 98. Jactel H, Moreira X, Castagneyrol B. Tree Diversity and Forest Resistance to Insect Pests: Patterns, Mechanisms, and Prospects. Annu Rev 
Entomol. 2021;66(1):277–96. https://doi.org/10.1146/annurev-ento-041720-075234

 99. Birdsey RA, DellaSala DA, Walker WS, Gorelik SR, Rose G, Ramírez CE. Assessing carbon stocks and accumulation potential of mature forests 
and larger trees in U.S. federal lands. Front For Glob Change. 2023;5. https://doi.org/10.3389/ffgc.2022.1074508

 100. Hoover CM, Smith JE. Aboveground live tree carbon stock and change in forests of conterminous United States: influence of stand age. Carbon 
Balance Manag. 2023;18(1):7. https://doi.org/10.1186/s13021-023-00227-z PMID: 37062006

 101. Jost L. Entropy and diversity. Oikos. 2006;113(2):363–75. https://doi.org/10.1111/j.2006.0030-1299.14714.x

 102. Folke C. Resilience (Republished). Ecol Soc. 2016;21(4). https://doi.org/10.5751/es-09088-210444

 103. Cantarello E, Newton AC, Martin PA, Evans PM, Gosal A, Lucash MS. Quantifying resilience of multiple ecosystem services and biodiversity in a 
temperate forest landscape. Ecol Evol. 2017;7(22):9661–75. https://doi.org/10.1002/ece3.3491 PMID: 29187998

 104. White JW, Rassweiler A, Samhouri JF, Stier AC, White C. Ecologists should not use statistical significance tests to interpret simulation model 
results. Oikos. 2014;123(4):385–8. https://doi.org/10.1111/j.1600-0706.2013.01073.x

 105. Kurz WA, Stinson G, Rampley GJ, Dymond CC, Neilson ET. Risk of natural disturbances makes future contribution of Canada’s forests to the 
global carbon cycle highly uncertain. Proc Natl Acad Sci U S A. 2008;105(5):1551–5. https://doi.org/10.1073/pnas.0708133105 PMID: 18230736

https://doi.org/10.1139/cjfr-2013-0372
https://doi.org/10.2980/i1195-6860-13-2-143.1
https://doi.org/10.1007/s10530-010-9918-1
https://doi.org/10.1111/1365-2745.12892
https://github.com/Klemet/LANDIS-II-Magic-Harvest
https://doi.org/10.5558/tfc2013-009
http://www2.publicationsduquebec.gouv.qc.ca/essences/comparaison.php
http://www2.publicationsduquebec.gouv.qc.ca/essences/comparaison.php
https://mffp.gouv.qc.ca/documents/forets/amenagement/refuges-biologiques.pdf
https://mffp.gouv.qc.ca/documents/forets/amenagement/refuges-biologiques.pdf
https://doi.org/10.1111/conl.12881
https://doi.org/10.1111/conl.12881
https://doi.org/10.3390/f10090782
https://doi.org/10.1139/x87-186
https://doi.org/10.1139/x87-186
https://doi.org/10.1002/ecs2.1632
https://doi.org/10.1007/s10980-022-01478-w
https://doi.org/10.1111/j.1466-8238.2010.00592.x
https://doi.org/10.1111/1365-2745.13353
https://doi.org/10.1111/nph.15667
https://doi.org/10.1111/nph.15667
http://www.ncbi.nlm.nih.gov/pubmed/30585635
https://doi.org/10.5849/forsci.15-046
https://doi.org/10.5849/forsci.15-046
https://doi.org/10.1073/pnas.1506279112
http://www.ncbi.nlm.nih.gov/pubmed/26069208
https://doi.org/10.1146/annurev-ento-041720-075234
https://doi.org/10.3389/ffgc.2022.1074508
https://doi.org/10.1186/s13021-023-00227-z
http://www.ncbi.nlm.nih.gov/pubmed/37062006
https://doi.org/10.1111/j.2006.0030-1299.14714.x
https://doi.org/10.5751/es-09088-210444
https://doi.org/10.1002/ece3.3491
http://www.ncbi.nlm.nih.gov/pubmed/29187998
https://doi.org/10.1111/j.1600-0706.2013.01073.x
https://doi.org/10.1073/pnas.0708133105
http://www.ncbi.nlm.nih.gov/pubmed/18230736


PLOS One | https://doi.org/10.1371/journal.pone.0326627 June 27, 2025 26 / 26

 106. Reyer CPO, Bathgate S, Blennow K, Borges JG, Bugmann H, Delzon S, et al. Are forest disturbances amplifying or canceling out climate 
change-induced productivity changes in European forests? Environ Res Lett. 2017;12(3):034027. https://doi.org/10.1088/1748-9326/aa5ef1 
PMID: 28855959

 107. Brecka AFJ, Boulanger Y, Searle EB, Taylor AR, Price DT, Zhu Y, et al. Sustainability of Canada’s forestry sector may be compromised by 
impending climate change. Forest Ecology and Management. 2020;474:118352. https://doi.org/10.1016/j.foreco.2020.118352

 108. Grossiord C, Granier A, Ratcliffe S, Bouriaud O, Bruelheide H, Chećko E, et al. Tree diversity does not always improve resistance of forest eco-
systems to drought. Proc Natl Acad Sci U S A. 2014;111(41):14812–5. https://doi.org/10.1073/pnas.1411970111 PMID: 25267642

 109. Spasojevic MJ, Bahlai CA, Bradley BA, Butterfield BJ, Tuanmu M-N, Sistla S, et al. Scaling up the diversity-resilience relationship with trait 
databases and remote sensing data: the recovery of productivity after wildfire. Glob Chang Biol. 2016;22(4):1421–32. https://doi.org/10.1111/
gcb.13174 PMID: 26599833

 110. Espelta JM, Cruz‐Alonso V, Alfaro‐Sánchez R, Hampe A, Messier C, Pino J. Functional diversity enhances tree growth and reduces herbivory 
damage in secondary broadleaf forests, but does not influence resilience to drought. Journal of Applied Ecology. 2020;57(12):2362–72. https://
doi.org/10.1111/1365-2664.13728

 111. Ross SRP ‐J., Sasaki T. Limited theoretical and empirical evidence that response diversity determines the resilience of ecosystems to environ-
mental change. Ecological Research. 2023;39(2):115–30. https://doi.org/10.1111/1440-1703.12434

 112. Yang J, Cao M, Swenson NG. Why Functional Traits Do Not Predict Tree Demographic Rates. Trends Ecol Evol. 2018;33(5):326–36. https://doi.
org/10.1016/j.tree.2018.03.003 PMID: 29605086

 113. Sakschewski B, von Bloh W, Boit A, Poorter L, Peña-Claros M, Heinke J, et al. Resilience of Amazon forests emerges from plant trait diversity. 
Nature Clim Change. 2016;6:1032–6. https://doi.org/10.1038/nclimate3109

 114. Schmitt S, Maréchaux I, Chave J, Fischer FJ, Piponiot C, Traissac S, et al. Functional diversity improves tropical forest resilience: Insights from a 
long‐term virtual experiment. Journal of Ecology. 2020;108(3):831–43. https://doi.org/10.1111/1365-2745.13320

 115. Buma B, Wessman CA. Forest resilience, climate change, and opportunities for adaptation: A specific case of a general problem. Forest Ecology 
and Management. 2013;306:216–25. https://doi.org/10.1016/j.foreco.2013.06.044

 116. Lucash MS, Scheller RM, J. Gustafson E, R. Sturtevant B. Spatial resilience of forested landscapes under climate change and management. 
Landscape Ecol. 2017;32(5):953–69. https://doi.org/10.1007/s10980-017-0501-3

 117. Blattert C, Mutterer S, Thrippleton T, Diaci J, Fidej G, Bont LG, et al. Managing European Alpine forests with close-to-nature forestry to improve 
climate change mitigation and multifunctionality. Ecological Indicators. 2024;165:112154. https://doi.org/10.1016/j.ecolind.2024.112154

 118. Scheller RM, Miranda BR. Biomass Succession v6.0 Extension User Guide. 2021. Available from: https://github.com/LANDIS-II-Foundation/
Extension-Biomass-Succession/blob/651927e219fdf19f226d65a8953e42ff339e8907/docs/LANDIS-II%20Biomass%20Succession%20v6%20
User%20Guide.pdf

 119. Gustafson EJ, Miranda BR, Sturtevant BR, Zhou Z. PnET-Succession v 5.1: Comprehensive description of an ecophysiological succession exten-
sion within the LANDIS-II forest landscape model. 2023.

 120. Osborne P, Aquilué N, Mina M, Moe K, Jemtrud M, Messier C. A trait-based approach to both forestry and timber building can synchronize forest 
harvest and resilience. PNAS Nexus. 2023;2(8):pgad254. https://doi.org/10.1093/pnasnexus/pgad254 PMID: 37649582

 121. Bennett AC, McDowell NG, Allen CD, Anderson-Teixeira KJ. Larger trees suffer most during drought in forests worldwide. Nat Plants. 
2015;1:15139. https://doi.org/10.1038/nplants.2015.139 PMID: 27251391

 122. Au TF, Maxwell JT, Robeson SM, Li J, Siani SMO, Novick KA, et al. Younger trees in the upper canopy are more sensitive but also more resilient 
to drought. Nat Clim Chang. 2022;12(12):1168–74. https://doi.org/10.1038/s41558-022-01528-w

 123. Houndode DJ, Krause C, Morin H. Predicting balsam fir mortality in boreal stands affected by spruce budworm. Forest Ecology and Management. 
2021;496:119408. https://doi.org/10.1016/j.foreco.2021.119408

https://doi.org/10.1088/1748-9326/aa5ef1
http://www.ncbi.nlm.nih.gov/pubmed/28855959
https://doi.org/10.1016/j.foreco.2020.118352
https://doi.org/10.1073/pnas.1411970111
http://www.ncbi.nlm.nih.gov/pubmed/25267642
https://doi.org/10.1111/gcb.13174
https://doi.org/10.1111/gcb.13174
http://www.ncbi.nlm.nih.gov/pubmed/26599833
https://doi.org/10.1111/1365-2664.13728
https://doi.org/10.1111/1365-2664.13728
https://doi.org/10.1111/1440-1703.12434
https://doi.org/10.1016/j.tree.2018.03.003
https://doi.org/10.1016/j.tree.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29605086
https://doi.org/10.1038/nclimate3109
https://doi.org/10.1111/1365-2745.13320
https://doi.org/10.1016/j.foreco.2013.06.044
https://doi.org/10.1007/s10980-017-0501-3
https://doi.org/10.1016/j.ecolind.2024.112154
https://github.com/LANDIS-II-Foundation/Extension-Biomass-Succession/blob/651927e219fdf19f226d65a8953e42ff339e8907/docs/LANDIS-II%20Biomass%20Succession%20v6%20User%20Guide.pdf
https://github.com/LANDIS-II-Foundation/Extension-Biomass-Succession/blob/651927e219fdf19f226d65a8953e42ff339e8907/docs/LANDIS-II%20Biomass%20Succession%20v6%20User%20Guide.pdf
https://github.com/LANDIS-II-Foundation/Extension-Biomass-Succession/blob/651927e219fdf19f226d65a8953e42ff339e8907/docs/LANDIS-II%20Biomass%20Succession%20v6%20User%20Guide.pdf
https://doi.org/10.1093/pnasnexus/pgad254
http://www.ncbi.nlm.nih.gov/pubmed/37649582
https://doi.org/10.1038/nplants.2015.139
http://www.ncbi.nlm.nih.gov/pubmed/27251391
https://doi.org/10.1038/s41558-022-01528-w
https://doi.org/10.1016/j.foreco.2021.119408
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

