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Abstract

Context Uneven-aged forest management is some-
times seen as offering interesting compromises
between timber production and other important eco-
system services, compared to even-aged approaches.
However, uncertainties remain concerning its impacts
over longer time periods and broader spatial scales, as
larger areas and further roads are required to harvest
the same amount of wood.
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Objectives We compared the large-scale and long-
term impacts of uneven-aged and even-aged manage-
ments on the composition, road density and fragmen-
tation of a landscape composed of northern temperate
and boreal forests, and presenting frequent forest fires.
Methods We simulated an 800,000 ha forested
landscape in the Mauricie region (Quebec, Canada)
over a 150-year planning horizon with the LANDIS-
IT model and an extension that simulates forest road
construction. We compared 30 different management
scenarios that varied the proportion of even- and une-
ven-aged managements, the level of aggregation of
the harvested areas, and the presence of pre-existing
forest roads.

Results Compared with even-aged management,
uneven-aged management increased (i) the den-
sity of forest roads and their operational costs, (ii)
the amount of old forests, and (iii) their fragmenta-
tion. Aggregating harvested areas did not noticeably
reduce road density, and the presence of an initial
road network had no long-term effects. Differences
in landscape fragmentation between scenarios were
reduced in the northern region of the landscape due to
the fire regime.

Conclusions Choosing uneven-aged over even-
aged management represents a trade-off between
the amount of old forests in the landscape and three
variables related to roads: their density, their related
cost, and the fragmentation per se that they generate,
This trade-off seems to disappear in the presence of
stand-replacing disturbances in the landscape and is
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unlikely to be improved by aggregating the harvested
areas.

Keywords Uneven-aged management - Forest
roads - LANDIS-II - Forest fragmentation - Forest
landscape modelling - Aggregated harvest

Introduction

Forests provide essential ecosystem services for soci-
eties across the globe and harbour most of the Earth’s
terrestrial biodiversity (FAO and UNEP 2020). Yet,
the increasing demand for land and forest products
as well as climate-induced changes to forest structure
and functions are threatening forest health (Trumbore
et al. 2015). In fact, about 30% of the area covered
by forest biomes in the world is managed, under vary-
ing intensities, to produce timber and non-timber
forest products (FAO 2020). In the temperate and
boreal forests, forestry represents the most important
form of anthropogenic disturbance on forests (Curtis
et al. 2018). Thus, designing sustainable forest man-
agement strategies that can balance the trade-offs
between timber demand and conservation objectives
is a pressing challenge (D’Amato et al. 2011; Linden-
mayer et al. 2012; Brang et al. 2014).

In North America, even-aged forest management
is still widely used, especially in boreal and mixed
forests. Indeed, clearcutting accounts for more than
80% of all forest harvesting in Canada, whereas it
is around 40% in the USA (Oswalt and Smith 2014;
Statistics Canada 2018). However, clearcutting has
been increasingly perceived as having negative envi-
ronmental impacts. Multiple scientific studies have
shown that even-aged management can alter the
structure of forest ecosystems and reduce biodiver-
sity when applied across wide forest landscapes (Cyr
et al. 2009; Martin et al. 2020) or in forests that are
not adapted to stand-replacing disturbances (Bur-
ton and Canada 2003; Park et al. 2005; Nolet et al.
2018). For example, Paillet et al. (2010) observed
that clearcutting in European forests was associated
with a decline in species richness of several taxa,
and Cyr et al. (2009) showed that even-aged man-
agement shifted the age-class distribution of boreal
forests towards younger stands, to the detriment of
old-growth ones. Moreover, the unaesthetic scenery
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created by clearcutting has led to widespread public
dislike of this method (Ribe 2005).

Consequently, forest scientists and policy makers
have recently shown renewed interest in uneven-aged
forest management (O’Hara 2002; Diaci et al. 2011;
Schiitz et al. 2012) where three or more age classes
within harvested stands are preserved through selec-
tion cutting of individual trees or groups of trees
(Hawley and Smith 1962; Matthews 1991; Puettmann
et al. 2009). Because uneven-aged management can
maintain a constant forest cover and many important
attributes associated with older stands, it is consid-
ered a relevant alternative to even-aged management
whose widespread use tends to create open habitats
and younger forest landscapes. This is particularly
true in forest regions that are known to mostly expe-
rience rather fine scale, partial natural disturbances
(e.g., windthrows, insect outbreaks) which are appro-
priately emulated by uneven-aged management (Kuu-
luvainen et al. 2021).

Indeed, uneven-aged forest management has been
associated with improved protection of biodiversity
and sustainability of ecological services (Fedrowitz
et al. 2014; Pukkala 2016). For example, some studies
have shown that forests managed with uneven-aged
compared to even-aged management captured more
carbon (Strukelj et al. 2015), had a greater abundance
and diversity of birds (Tittler et al. 2001), mammals
(Ruel et al. 2013), plants (Gotmark et al. 2005), bry-
ophytes (Stone et al. 2008; Boudreault et al. 2013),
and insects (Graham-Sauvé et al. 2013; Joelsson et al.
2017) several years following harvesting, and showed
an increased resilience in landscapes associated with
high fire frequency (Cyr et al. 2022). Other studies
have also shown that uneven-aged forest management
conserved several important characteristics of old-
growth forests, such as tree species diversity, species
abundance, and a broader tree diameter distribution
(Gronewold et al. 2010; Adamic et al. 2017).

However, evidence of the ecological advantages
of uneven-aged management over even-aged man-
agement remains equivocal or disputed (Nolet et al.
2018). In addition, most studies to date reporting
on the benefits of uneven-aged management have
been carried out at the stand scale and over a short
period of time (e.g., 1-35 ha and 2-9 years in pre-
viously cited studies), while focusing on specific
groups of species (1-3 taxa in previously cited stud-
ies). It is also currently unclear how disturbances
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created by uneven-aged management interact with
the cross-scale spatiotemporal dynamics of natu-
ral disturbances, such as forest fire (Kalabokidis and
Wakimoto 1992; Kuuluvainen et al. 2012; Nolet et al.
2018). Hence, a comprehensive understanding of the
impact of uneven-aged management on forest struc-
ture and function at spatial and temporal scales at
which forest management is performed is currently
lacking (Nolet et al. 2018).

Uneven-aged management may have several short-
comings when it comes to conserving forest struc-
ture and diversity, especially at the landscape scale.
During a planning horizon, uneven-aged manage-
ment requires that silvicultural operations extend
over larger forest areas than even-aged management
to harvest the same volume of wood (Betts et al.
2021). Consequently, uneven-aged management may
require the development of a larger and more perma-
nent forest road network to reach distant stands over
shorter rotation periods especially in countries or
regions with vast expanses of remote forest like Can-
ada (Alexander and Edminster 1977; United States
Department of Agriculture 1997; Nolet et al. 2018).
As such, uneven-aged management likely increases
landscape fragmentation, with potential negative
effects on habitat connectivity for several species
and ultimately on biodiversity (Haddad et al. 2015).
Forest roads have also been linked to other nega-
tive effects such as contributing to the decline in the
macroinvertebrate soil fauna (Haskell 2000), beetles
(Koivula 2005) and salamanders (Marsh and Beck-
man 2004); facilitating the spread of invasive plants
(Mortensen et al. 2009); reducing habitat quality
for some species of birds (Ortega and Capen 1999);
changing movement patterns of large mammals such
as the elk (Witmer and deCalesta 1985); increasing
wolf predation on the caribou (James and Stuart-
Smith 2000; Whittington et al. 2011; Vanlandeghem
et al. 2021); and influencing the spatial boundaries
of forest fires (Narayanaraj and Wimberly 2011). In
addition, the shorter rotation periods of uneven-aged
management would mean more frequent disturbances
within stands, possibly reducing the potential benefits
of uneven-aged management described above in the
long-term.

From these considerations, even-aged man-
agement can be seen as a land-sparing approach
where intensive harvesting is carried out on a
smaller portion of the landscape while uneven-aged

management can be seen as a land-sharing approach
(Lindenmayer et al. 2012). As such, even-aged
management would "spare" the remaining forests
of the landscape by reaching a harvest target over
a reduced area; whereas uneven-aged management
would "share" the entire forest landscape for dif-
ferent purposes through less damaging harvesting.
This debate between the efficacy of land-sparing
and land-sharing strategies for conservation has
been long ongoing in conservation sciences, espe-
cially in the context of agriculture (Balmford 2021).
Consequently, this raises questions regarding the
potential trade-offs between even-aged and uneven-
aged approaches: How do these trade-offs evolve
over time? How many more forest roads does une-
ven-aged management require? How do the effects
of roads on forest fragmentation and composition
differ between even- and uneven-aged management?
Can some of these effects be altered by the aggre-
gation of harvested zones in the landscape? In the
present study, we compare the effects of even- and
uneven-aged forest management on the amount and
fragmentation of old forests over a 150-year plan-
ning horizon and across an extensive management
unit located in the northern temperate and boreal
forests in Quebec, Canada. This management unit is
almost entirely composed of forests and lakes with
very few rural communities (covering only 0.1% of
the unit area). As such, it is an interesting area to
study the land sparing—land sharing question in
forestry. Indeed, the large surface of forests in the
area allows the implementation of both strategies on
a large scale. In addition, its fragmentation will be
sensitive to the presence of forests roads, which are
the majority of roads found in the area (more than
90%).

We focus on old forests since they present charac-
teristics that are essential for multiple species (Thom-
son 1994; MacKinnon 1998; Terry et al. 2000) and
provide key ecosystem services (Luyssaert et al.
2008; Clark 2011; Frey et al. 2016), but have severely
declined in managed landscapes (Cyr et al. 2009;
Shorohova et al. 2011; Martin et al. 2020). Therefore,
conservation of old forests has become an impor-
tant management objective in both governmental
regulations and international certification programs
(Strittholt et al. 2006; Knorn et al. 2013; Merschel
et al. 2019). Here, we used the term "old forests" to
describe forests with old trees, to distinguish it from
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the term "old-growth forests" which can refer to a set
of structural characteristics, processes, functions or
legacies (Wirth et al. 2009).

We use LANDIS-II, a forest landscape model
(Scheller et al. 2007), in combination with the For-
est Roads Simulation module (FRS), a new exten-
sion that simulates the construction of forest roads
needed to reach harvesting sites (Hardy et al. 2023).
We simulated 30 different management scenarios
where three factors modulating the impact of uneven-
aged management on the fragmentation of old forests
were varied: (i) the proportion of aboveground tree
biomass harvested with uneven- vs. even-aged silvi-
culture, (ii) the presence/absence of an initial forest
road network, and (iii) the level of spatial aggrega-
tion of logging sites. Our study area was composed of
mixed and boreal forest, with frequent forest fires in
its northern half, but not in its southern part. We com-
pared these scenarios based on the temporal dynam-
ics of the following response variables: the density
of forest roads, their cost of construction and repair,
and the amount and fragmentation of old forests. Our
goal was not to attempt to find an optimal location for
even- or uneven-aged cuts (i.e., Tittler et al. 2015),
but to explore two broad management strategies and
their interactions with forest roads and natural dis-
turbances. Furthermore, we did not include climate
change as a varying factor, in order to better isolate
and interpret differences resulting from the different
management strategies and reduce the computational
load of the simulations.

We hypothesized that a land-sharing strategy,
represented by a higher proportion of the landscape
harvested under uneven-aged management, protects
a larger amount of old forests compared to a land-
sparing strategy characterized by more even-aged
management. On the other hand, we also hypoth-
esized that uneven-aged management increases road
density and usage of roads, along with the fragmen-
tation of the landscape. As such, simulations with a
higher level of uneven-aged management would lead
to higher road density, greater costs in road construc-
tion and maintenance, and higher fragmentation of
old forests. Additionally, we hypothesized that aggre-
gating harvesting areas requires less forest roads and
thereby reduces their negative impacts on cost and
fragmentation. Finally, we hypothesized that the pres-
ence of natural disturbances interacts with harvest
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prescriptions by lightening or exaggerating their
effects on the composition of the landscape.

Methodology
Simulated area and study area

Our study area corresponds to a forest management
unit in Mauricie, Quebec (Fig. 1) where both even-
aged and uneven-aged management are currently
being used (Messier et al. 2009). The total area covers
around 800,000 hectares and is typical of the temper-
ate mixed wood and southern boreal coniferous for-
est. It extends mostly from the balsam fir and yellow
birch region in the south to the balsam fir and white
birch region in the north (Robitaille and Saucier
1998). The dominant species in the southern part of
the landscape are balsam fir (Abies balsamea), yellow
birch (Betula alleghaniensis) and trembling aspen
(Populus tremuloides). Further north, the main spe-
cies are balsam fir, white birch (Betula papyrifera),
trembling aspen, black spruce (Picea mariana) and
jack pine (Pinus banksiana). While fire is an impor-
tant natural disturbance in the region with a return
interval of around 300 years in the north and 5300
years in the south (Boulanger et al. 2014; Couillard
et al. 2022), recurrent spruce budworm outbreaks are
also significant in balsam fir stands particularly in the
south (Bergeron and Fenton 2012). Because of the
prevalence of severe forest fires, even-aged forests
occur naturally in this landscape (MFFP 2018a; b).
The study area is characterized by few rural commu-
nities (covering only 0.1% of the unit area) connected
by a sparse network of paved roads. Large-scale log-
ging began in the south of the area during the late
1920s, progressively spreading to the north during
the following decades (Messier et al. 2009). Forest
management until today consisted largely of clearcut-
ting followed by planting or natural regeneration,
mixed with different forms of partial cutting. Being
almost entirely composed of public forests, forest
management in the area is currently regulated by the
Ministere des Ressources naturelles et des Foréts du
Québec (MRNF, formerly MFFP). As of this 2018,
most of the forest surface in the area was classified
as being less than 70 years old, with only 11% being
90 years old or more; whereas 12% of the surface is
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[ Study area (management unit 042-51)
[ Simulated area (50km buffer zone)

Projection : NAD83 / Quebec Lambert
Author : Clément Hardy
Date : May 2021

Data : Natural Earth, Sentinel, and Ministry of Forests
Fauna and Parks (MFFP) of Quebec

Fig. 1 Map of study area (brick colour in the centre) and simulated area (gold) in Mauricie (Quebec, Canada). The northern part is
located in the boreal coniferous forest whereas the southern part is located in the temperate mixed wood forest

considered as having an uneven-aged structure (3 age
classes or more) (MFFP2018a; b).

The LANDIS-II forest landscape model

LANDIS-II is a spatially-explicit forest landscape
model (FLM) that simulates forest dynamics through
both stand-level processes (e.g., succession through
intra- and interspecific interactions) and landscape-
scale processes, such as seed dispersal (Scheller et al.
2007) as well as natural (e.g., fire, wind, and defoliat-
ing insects) and human disturbances (e.g., harvesting
and land-use change) based on the life-history traits
of tree species. Trees are modelled as cohorts, i.e., as
a group of trees of a given age class and species.

In LANDIS-II, the simulated landscape is com-
posed of square cells that are either forested or non-
forested (e.g., water, urban area, etc.). Each forested
cell is categorized into an ecoregion, representing
the effect of climate and/or soil on tree growth, and
is assigned to a management area for harvesting pur-
poses. The model is composed of multiple extensions,
each simulating one of the main processes driving
forest dynamics. During one iteration, each extension
operates sequentially. Parameters for the extensions

used in the present study are summarized in Appen-
dix A.

Our simulations were executed with LANDIS-II v.
7.0 on a landscape of around 4 million forested cells
encompassing our study area surrounded by a 50 km
buffer zone (Fig. 1). We chose a cell size of 1 hectare,
which is typical of LANDIS-II studies as it represents
a good compromise between computational load and
simulation of fine-scale processes (Shinneman et al.
2010; Sturtevant et al. 2012).

Parameterization of LANDIS-II
General parameterization

The parameter values for our study were derived
from the protocol described in Boulanger et al.
(2017) and subsequently used in several studies
using LANDIS-II to simulate forest landscapes in
Quebec and elsewhere in Canada (Boulanger et al.
2017, 2019; Tremblay et al. 2018). Simulation
duration was set to 150 years (from the year 2000
to 2150) to reflect the strategic planning horizon of
forest management in Quebec (Bureau du forestier
en chef du Quebec 2013). All modules operated
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on a time step of 10 years, a compromise between
simulating processes occurring over short and long
terms (Shinneman et al. 2010; Sturtevant et al.
2012; Boulanger et al. 2017).

The initial composition and age structure of
the forest community within each cell were deter-
mined using data from the Canadian National For-
est Inventory (Beaudoin et al. 2014) and Quebec’s
permanent and temporary sample plots (Alain et al.
2016a, b). Each cell was assigned a sample plot
using a nearest neighbour analysis based on age and
species-specific biomass (Boulanger et al. 2017;
Tremblay et al. 2018). In total, 17 different tree spe-
cies were modelled (see Appendix B). In addition,
the ecoregions of our landscape were defined by
assigning cells to homogeneous units of soil (Man-
suy et al. 2014) and climate (Boulanger et al. 2017).
Each of the nine management areas in our landscape
corresponded to those currently used by the MRNF.
Finally, the forest stands (which are groups of cells
within management areas) were defined spatially
using the stands identified during Quebec’s provin-
cial inventory (MFFP, 2018a).

Biomass succession

Succession was modelled using the “Biomass suc-
cession” extension (v. 5.2) of LANDIS-II, which
computes the biomass and biomass increment of
tree cohorts. This module relies on a collection of
parameters that determine the competitive ability
of each species and its establishment and growth
potential under specific environmental conditions.
The latter parameters were derived using the model
PICUS (Lexer and Honninger 2001), an individual-
based spatially-explicit model of stand dynamics,
as in Boulanger et al. (2017) and Tremblay et al.
(2018) (see Appendix C for further information).
Life-history traits and shade tolerance parameters
for the 17 tree species modelled were estimated
from the literature (Appendix A). The values of the
other parameters (e.g., growth curves and shade
impact on productivity) were determined from cali-
bration runs with the goal of minimizing differences
with initial estimates of biomass made by LANDIS-
IT and biomass estimates from the National Forest
Inventory for the simulated area (Appendix C).
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Natural disturbances (fire)

Two main natural disturbances are present in our
landscape: forest fire, and epidemics of spruce bud-
worm (Choristoneura fumiferana). We simulated for-
est fire, which consists of the dominant natural dis-
turbance in our study area (see Sect. 2.1) using the
Base Fire extension of LANDIS-II, but for simplic-
ity we decided not to simulate spruce budworm out-
breaks. This choice facilitates the interpretation of the
results since the simulated forest dynamics emerges
from fewer interactions between forest management
and natural disturbances. The Base Fire (v. 4.0) exten-
sion of LANDIS-II follows a simple dynamic (He and
Mladenoff 1999) where a fire is initiated within a cell
according to a probability dependent on the age of the
oldest cohort. The fire then spreads successively to
neighbouring cells based on probabilities modulated
by a randomly determined wind direction. Finally,
local fire damage depends on fire severity and spe-
cies composition. The minimal, average, and maximal
sizes of fire, and its return interval can be specific to
“fire regions” determined by the user.

Following the method employed in Boulanger
et al. (2017), two fire regions were defined in our
landscape from the delimitation of the homogeneous
fire zones of Boulanger et al. (2014). The parameters
of LANDIS-II for each fire region were estimated in
order to reproduce the historical maximal and mini-
mal fire sizes in each region as well as the percentage
of area burned each year on the simulated landscape
during the initial 30 years of simulation (see Appen-
dix D).

Harvesting

Timber harvesting in LANDIS-II is modelled as a set
of prescriptions (e.g., clearcutting, selective cutting,
etc.) that are applied within user-defined management
areas. Each management area can thus have a differ-
ent set of prescriptions that are applied on a certain
percentage of its surface. For each management area,
prescriptions are realized one by one in a random
order and are applied to selected stands based on a set
of conditions and/or ranking algorithm (random, eco-
nomic value, age structure, etc.). Cohort harvesting
using a given prescription stops once the surface to be
harvested in the management area has been reached.
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The current LANDIS-II harvest module can only
define prescriptions based on a targeted percentage of
the total surface of the management area to be har-
vested. However, our research question required that
we harvest the same amount of biomass, not surface,
with different prescriptions in order to properly com-
pare the impacts of even-aged and uneven-aged man-
agement on the same landscape. Hence, we used the
Magic Harvest extension for LANDIS-II to better
control the biomass that was harvested by the Bio-
mass Harvest extension via a custom Python script
(Hardy 2023) (see Appendix E).

The biomass target in each of the nine management
areas was based on the annual allowable cuts (AAC)
determined by Quebec Chief Forester’s Office and
the MRNF for the 2018-2023 period (MFFP 2018b).
The targets were also adjusted to the temporal reso-
lution employed in our simulations (10 years instead
of 5 years for the AAC; see Appendix E). The com-
putation of the AAC in Quebec is a multi-constraint
optimization exercise realized for each management
unit. This optimization includes a constraint on the
amount of older forests that must be preserved in the
landscape, which was integrated in the harvest targets
that we employed. Harvesting prescriptions and the
criterion used to prioritize the stands to be harvested
were defined to simulate typical harvesting operations
conducted in Quebec today, which may differ from
prescriptions in other countries.

The main prescriptions used in our study area
include clearcutting, shelterwood cutting, and
continuous-cover forestry (sometimes referred to
as irregular shelterwood) (Table 1). The first two

prescriptions correspond to even-aged manage-
ment, while the third corresponds to uneven-aged
management. All prescriptions were applied only
to stands 30 years or older, meaning stands that
had at least one age cohort of more than 30 years.
This age constraint implied rotations of at least
30 years. However, these stands could contain age
cohorts younger than 30 years that could be har-
vested by the clearcutting and shelterwood prescrip-
tions. Clearcutting harvested all age cohorts older
than 10 years in a cell (to mimic clearcutting with
protection of regeneration as is currently done in
Quebec). Shelterwood cutting harvested 90% of the
biomass of all age cohorts older than 10 years in the
cell in a first cut, and then harvested every remain-
ing cohort older than 20 years in a second cut 20
years later. Finally, the irregular shelterwood was
initially modelled to harvest 30% of the biomass of
all age cohorts 30 years and older in the cell every
30 years. We fixed the proportions of clearcutting
and shelterwood cutting (our two even-aged man-
agement prescriptions) to the proportions currently
used in our study area. Hence, shelterwood cutting
harvested 10% of the biomass target calculated for
even-aged management, while clearcutting removed
the remaining 90% (Table 1). Finally, we allowed
the 30-year return cycle of the irregular shelterwood
prescription to be overridden in the case where the
biomass target couldn’t be reached by respecting
this delay. This could happen in management areas
with a large biomass target, in scenarios where a
high proportion of uneven-aged management was
used.

Table 1 Summary of the harvest prescriptions used in the simulated landscape

Prescription % biomass har- First harvest Second harvest
vested (%)
Even-aged
Clearcutting 90 All age cohorts older than 10 years None
Shelterwood 10 90% of the biomass of all age cohorts older than 10 years 20 years later:
all age cohorts
older than 10
years
Uneven-aged
Irregular Shelterwood 100 30% of the biomass of all age cohorts 30 years and older Same as the
first, and
repeated every
30 years
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We varied the size of harvested patches among the
different aggregation scenarios that we tested (see
Sect. 2.5 below). The maximal area that could be har-
vested in a single cut was defined according to his-
torical records of cut size in our study area (MFFP du
Québec 2018b). Harvesting was simulated by “propa-
gating” the harvested area from forest stand to forest
stand until the maximum cut size was reached or until
no adjacent stands satisfying the age constraint (30
years or older) were available.

The forest roads simulation module

To model the dynamics of forest roads, we used
the LANDIS-II “Forest Roads Simulation” (FRS)
extension (Hardy et al. 2023). The FRS extension
generates or updates the forest roads needed to

-
- 1| Land cover
a r 1 Il Existing road network
B Lakes

[ Streams
[ M Surface geology

o K, Lk
'\) R
[ i d

Projection : NAD83 / Quebec Lambert ~ Author : Clément Hardy ~ Date : May 2021
Fig. 2 Three maps showing the same section of simulated
landscape in the centre of our study area: a Landscape features;

b Construction costs—computed by the FRS module based on
topography, soils, water bodies, streams and existing roads;
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carry the harvested wood in the landscape in a real-
istic yet computationally efficient way. To do this,
the FRS extension generates a path of road seg-
ments that connects cells from a harvested area to
an exit point (either the location of a sawmill or a
point on the existing main road network) with mini-
mum construction costs based on landscape topog-
raphy and existing roads.

The running of the FRS extension is described in
Fig. 2. The extension uses a raster layer, the “road
landscape”, to track the location of forest roads.
Roads belong to a size category (tertiary road, sec-
ondary road, primary road, etc.) that accommodates
an increasing flux of trucks needed to carry the
harvested timber (Karlsson et al. 2006). The FRS
extension is activated during the initiation phase of

* Road Costs

‘ ;H ($CA/100m) C

Simulated network
Il Primary road
I Secondary road
Tertiary road
Il Paved road

365

15 000

and ¢ Simulated network of roads after 150 years of simula-
tions. In ¢, isolated road segments correspond to remains from
old deteriorating roads
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a LANDIS-II simulation and at each iteration fol-
lowing the harvesting procedure.

During the initiation phase, the FRS extension
computes the cost of constructing a potential for-
est road within each cell. This cost map considers
the cost associated with several landscape features,
including the “coarse” elevation (mean slope of the
cell), the “fine” elevation (presence of breaks or cliffs
requiring a detour), water bodies (such as lakes and
rivers that would require a bridge), streams (requiring
a culvert), and soils (Fig. 3A, B).

Following the initialization phase, and at each time
step where the FRS extension is activated, an attempt
is made to create a road toward every cell harvested
since the last module activation (Fig. 2). There are no
interactions between the harvest and the FRS exten-
sions. The harvest extension determines the position
of cells to harvest, whereas the FRS extension simply
creates roads towards these cells. Timber transporta-
tion through the network is then simulated, and the
size category of roads is updated to accommodate an
increasing traffic of logging trucks. Road aging was
also considered by removing forest roads that reached
their persistence limit (a road type parameter), if
they were not repaired (see Appendix F). Finally,
when a cell is harvested under uneven-aged manage-
ment, the algorithm considers the necessity of future
returns to the cell by selecting the least expensive
option between creating a low-cost, nondurable road
that may need to be reconstructed or repaired when
returning to the cell and creating a higher grade, more
durable road that will persist for future access.

Ml Primary roads -~ -
- -~
Secondary roads e | -,
I Secondary a1, i i N
Tertiary roads T o
[l Exit points ._fl i_l"_--I
",
Harvested areas - =

Fig. 3 Diagrams showing the evolution of the forest road net-
work simulated by the FRS module. Road pixels are coloured
according to their size category. (1) Input data is read by the
module; (2) the roads that are not connected to an exit point
(brown pixels; e.g., paved roads, sawmills, etc.) are detected
and linked to the rest of the network in the initialization phase;
(3 and 4) at each time step, the FRS module generates forest
roads connecting the harvested areas to the rest of the network

In the present study, the FRS module was param-
eterized using several MRNF datasets reporting on
the construction costs of forest roads (e.g., mean
costs of construction of road segments by slope, soil
type and road category), along with key characteris-
tics of forest roads (e.g., real mean skidding distance,
persistence by road type) (see Appendix F). Our exit
points for the wood were simply the cells containing
the main paved roads of the landscape. The transport
of wood was oriented toward these cells, and no new
main paved roads were created during the simulation.
Calibration of the FRS module over our study area
was performed in Hardy et al. (2023).

Scenarios

To compare the long-term and landscape-scale
impacts of even- and uneven-aged management
strategies, we defined harvesting scenarios vary-
ing three different factors (Table 2). First, we con-
sidered the presence or absence of an initial road
network in the simulated area. When present, the
initial road network corresponded to the exist-
ing roads reported in the governmental database
“AQReseau+” containing all terrestrial transport
routes in Quebec, including forest roads (Gou-
vernement du Québec 2015). When absent, the ini-
tial network consisted of the main existing paved
roads only. To improve the realism of the simulated
roads, we calibrated the harvest module such that
in the absence of an initial road network, harvested
areas and new forest roads would progressively
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using the Dijkstra algorithm. Roads can form loops in the net-
work, as shown in (3), where two roads connect the harvested
area on the right. Additionally, the size category of a road may
change with an increase in wood flux where two tertiary roads
merge into a secondary road (4). Road aging is also simulated
where two segments of secondary roads disappear from the
network (4)
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Table 2 Summary of the variations of the three factors used to create scenarios

Factor % of biomass target harvested Aggregation of harvest cuts  Presence of an initial road network
with uneven-aged management
(%)
Levels of factor 0 Low Yes
25 Maximum size of cuts is half All roads from the AQReseau +database are
of the historical maximum initially present
50 Historical maximum
75 High No
100 Maximum size of the cuts Only the main, paved roads are initially present

is twice the historical

maximum

Each of the 30 scenarios corresponded to a unique combination of the three factors

spread in the landscape during the first five itera-
tions (50 years) of the simulation (see Appendix
E).

Second, we compared the use of uneven-aged
(i.e., irregular shelterwood) to even-aged manage-
ment (clearcutting and shelterwood) by progres-
sively varying the fraction of the total biomass tar-
get to be harvested under uneven-aged management
(0%, 25%, 50%, 75% and 100%). The remaining
fraction of the biomass target was harvested using
even-aged management.

Finally, we considered the level of aggrega-
tion of harvest cuts given its potential influence
on the extent of the resulting road network and on
landscape fragmentation (Tittler et al. 2015). The
aggregation levels were defined in relation to the
maximum size for all the areas harvested in our
study area since the year 2000 (209 ha, 359 ha, 117
ha for clearcuts, shelterwood cuts, and uneven-aged
cuts, respectively; MFFP du Québec 2018a). As
such, we set the maximum size of harvest events in
LANDIS-II to the historical average for the inter-
mediate aggregation level. Alternatively, we set the
maximum size of harvest events to half and twice
that of the intermediate aggregation level for the
low and high levels of aggregation, respectively.

We developed one management scenario for
each combination of levels for the three factors
investigated, resulting in a total of 30 distinct sce-
narios. We simulated five replicates for each sce-
nario to account for the stochasticity of LANDIS-II
using the infrastructure of Compute Canada.
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Data analysis

Three classes of metrics were calculated at each
time step during our simulations: succession and
disturbance dynamics, forest road network and land-
scape fragmentation. We compared the management
scenarios through their effect on the size of each
metric during the simulation period (0—150 years)
(White et al. 2014). Replicates for each scenario
captured within-scenario variability due to stochas-
tic processes such as forest fire and succession.

Succession and disturbance dynamics

As a validation exercise, we evaluated the impact of
the different management scenarios on forest suc-
cession and disturbance dynamics. Succession was
measured by the aboveground biomass annual net
primary productivity (P; measured in g e m~27¢"),
corresponding to the total change in aboveground
biomass averaged across all forested cells, and by
the average age of all age cohorts in the landscape
(A, in yr). In addition, we assessed the landscape-
scale impact of the simulated disturbances by meas-
uring the total surface harvested (Sk, in hectares),
the total biomass harvested (Bh, in Mg) and the
total surface burned (Sb, in hectares). These meas-
urements are presented in the appendices of the arti-
cle (Appendices H and J), as they are not of direct
relevance to our research question.
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Forest road network

We determined the size and monetary cost of the for-
est road network in our simulated landscape. Network
size was measured by road density (Dr), which is the
proportion of cells that contained a road. The cost
(Cr), in 2020 Canadian dollars (CAD), for road con-
struction and repair (i.e., size category upgrade and
restoration of old roads) was estimated based on the
cost parameters cited in Sect. 2.4 (Appendix G).

Landscape fragmentation

Finally, we estimated the landscape-scale impact of
forest management on the amount and fragmentation
of old forests. We defined old forests as forest stands
containing at least one age cohort older than 91 years
based on the definition employed by the MRNF
(MFFP du Québec 2016). The amount of old forest
in the landscape was measured as a percentage of the
total forested area (So). Fragmentation was measured
using the clumpiness index (Clumpy) which estimates
the aggregation of pixels of a given type (e.g., pix-
els containing old forests) (equation in Appendix L;
see McGarigal et al. 2012). More precisely, the index
measures the deviation in the proportion of adja-
cencies between pixels of this type in the simulated
landscape from the proportion that is expected under
a random distribution of the pixels of that type. It
varies from -1 (minimum aggregation possible) to 1
(maximum aggregation possible). Clumpy also pre-
sents a low correlation with habitat amount, making it
ideal for measuring fragmentation per se (Wang et al.
2014). We used the R package landscapemetric (Hes-
selbarth et al. 2019) to compute the index.

Results

We present the temporal dynamics of each metric
investigated over the planning horizon (150 years).
Results are presented for simulations that var-
ied one factor (initial road network, ratio of use of
uneven-aged management, or aggregation of cuts)
while keeping the other factors at an intermediate
value (i.e., no initial road network, 50% of the bio-
mass harvested using uneven-aged management, and
intermediate aggregation level). Additionally, results
concerning the fragmentation of the landscape are

illustrated for the northern and southern regions of
the landscape separately (results for the entire land-
scape are available in Appendix K). In so doing, as
fire regimes differ in both regions, we are better able
to distinguish the potential contribution of fire to
landscape fragmentation.

Road density and cost

We observe a much higher road density (Fig. 4a) and
cost of construction and repairs (Fig. 4b) throughout
the simulations with an increased use of uneven-aged
management across the landscape. Indeed, the sce-
narios where more than 50% of the biomass target
was harvested with uneven-aged management (green
to yellow curves) presented more than twice the den-
sity of forest roads in the landscape and up to three
times the cost of road construction and repairs than
scenarios where only even-aged management was
used (purple curve). As the proportion of uneven-
aged management increases above 50%, differences
between management scenarios become marginal
for both the road density and road costs (Fig. 4a, b).
This suggests a saturating effect in the increased use
of uneven-aged management for these two variables.
The level of aggregation of the cuts, on the other
hand, only had a minor effect on the forest road net-
work where higher aggregation slightly reduced road
density (Fig. 4c) and had almost no effect on road
construction and repair costs (Fig. 4d). However, the
effect of aggregation on road density was more visible
for scenarios with only even-aged management (not
shown in Fig. 4; see Appendix J). Lastly, the presence
or absence of an initial road network only had notice-
able effects on the road density and the cost of roads
in the first 20 years of simulations, after which no sig-
nificant differences were observed (Fig. 4g, h).

Amount of old forests and fragmentation level

Following the first 70 years of the simulations, the
quantity of old forest increased with an increase in
uneven-aged management (Fig. 5a, ¢). In contrast,
Clumpy was lower in scenarios with more uneven-
aged management, indicating that the fragmenta-
tion per se of the landscape increased (Fig. 5b, d).
We observed no strong effect of the aggregation
level of cuts on the amount of old forests (Fig. Se,
g). Moreover, an increase in aggregation level was
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Fig. 4 Time dynamics of
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associated with slightly higher values of Clumpy,
indicating lower fragmentation in the southern
region (Fig. 5g), but the effect of increased aggre-
gation was almost non-existent in the northern
region (Fig. 5f). Note that the northern and southern
regions of our study area were both subjected to a
similar intensity of management, as the areas har-
vested in each of these forests in our different sce-
narios were almost identical (Appendix F).
Irrespective of the proportion of uneven-aged
management and aggregation level, the amount of
old forest increased rapidly after a 50-year time
step period of stability. Then, it slightly decreases
with time during the second half of the simulations,
except for the 0% uneven-aged level in the north
which showed a marked increase in the quantity of
old forests, and the 50% uneven-aged level in the
south which showed a steep decline (Fig. 5a, c, e,
g). Clumpy, on the other hand, showed a weaker
contrast between scenarios. In the north, Clumpy
decreased at the beginning of the simulation but
increased afterwards with small differences between
management scenarios (Fig. 5b, f). In the south,
from 50 years of simulation and onwards, Clumpy
exhibits a marked decrease for scenarios with more
uneven-aged management, indicating an increase in
fragmentation. However, no such difference in the
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value of Clumpy is seen for aggregation scenarios
(Fig. 5f).

Discussion

The goal of this study was to compare the long-term
and large-scale effects of even- and uneven-aged for-
est management on the amount and fragmentation of
old forests. We wanted to determine whether forest
roads, necessary to access harvested areas, played an
important role in differentiating the effects of these
management approaches on forest landscapes. Our
results provide important insights into the impact of
different types of forest management, and their inter-
action with existing natural disturbances.

The forest road network

Results from our simulations clearly indicate that une-
ven-aged management as defined in our study (irregu-
lar shelterwood with a rotation of 30 years) increases
the density of forest roads in the landscape (Fig. 4a).
This outcome was expected since uneven-aged man-
agement scenarios extend over a larger surface to
harvest the same amount of wood biomass as even-
aged management scenarios (Nolet et al. 2018) (see
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Fig. 5 Effects of forest management and fire on the fragmen-
tation of old forests measured by the amount of old forests
(top panel, a, c, e, g) and the clumpiness index, Clumpy (bot-
tom panel, b, d, f, h). The two columns on the left vary the
proportion of uneven-aged management used for the northern
region (Ist column) and the southern region (2nd column) of
our study area. The two columns on the right vary the aggrega-

Appendix H). Consequently, more roads are needed
to access vaster harvested areas. This tendency would
have been even stronger had the FRS module been
required to build forest roads lasting up to the next
cycle of uneven-aged management cuts.

In addition, smaller differences in road density
and costs between scenarios with increasing uneven-
aged management suggest a saturation effect where
a larger ratio of uneven-aged management does not
increase the density of roads anymore. We believe
that this saturation effect occurs when the additional
areas to be harvested under uneven-aged management
become accessible through existing roads. In our
study, this saturation threshold corresponds to a pro-
portion of about 50% in the use of uneven-aged for-
est management. This threshold value probably var-
ies according to the biomass target for the landscape,
and the amount of available harvestable wood (not
simulated).

150

0 50 100 150 0 50 100

Timestep

tion level of cuts for the northern (3rd column) and southern
(4th column) regions. Each factor (management, aggregation)
is varied while keeping the other factors at their intermediate
value. Curves correspond to the average of 5 simulation runs,
and shaded areas correspond to the standard deviation across
runs

The increased costs of road construction and repair
present a possible limitation for the use of uneven-
aged management. In Quebec, where our study area is
located, forest roads currently represent 10 to 18% of
the operational costs for the forest industries and the
government (Groupe DDM and MFFP 2020). If these
costs were to increase (i.e., by promoting the use of
uneven-aged management), it is difficult to deter-
mine the economic consequences for the forest indus-
try. The denser forest road network that results from
using uneven-aged management increases the access
to remote forest areas, which could be desirable for
some stakeholders (e.g., hunters, trappers, residents,
tourists, etc.) but not necessarily so for others (First
Nations, conservation organizations, etc.) (Adam
et al. 2012). The increased human presence might
lead to negative impacts on the ecosystems surround-
ing the roads (e.g., increased fire risk, spread of inva-
sive plants, disturbance of wildlife, etc.) (Kneeshaw

@ Springer



Landsc Ecol

and Gauthier 2006; Hunt et al. 2009; Adam et al.
2012). These potential landscape impacts of an
increased road density reveal an important aspect of
the land-sharing approach in forestry—represented by
a prevalent use of uneven-aged methods—and should
be taken into account when comparing the sparing
and sharing approaches. However, increasing road
density in the context of Reduced Impact Logging
(RIL) in the Amazon was shown to increase species
richness (Carvalho Jr et al. 2021). Hence, social and
ecological context is essential to understanding the
impact of forest roads.

The aggregation of harvested areas decreased the
density of roads in the landscape far less than what
was expected and did not reduce the cost of road con-
struction and repair (Fig. 4c, d). In fact, the effect was
undetectable at 50% uneven-aged management and
remained minor even when harvesting was entirely
done through even-aged management (see Appendix
J). The limited effect of aggregation, especially under
higher levels of uneven-aged management, can be
explained by constraints on the available surface to be
harvested. Indeed, when the surface to harvest is large
compared to stand availability, cut zones become con-
centrated in the landscape regardless of the imposed
aggregation level. As such, the density of roads in
the landscape remains similar even under increased
aggregation. Furthermore, aggregating the harvested
areas concentrates the quantity of transported tim-
ber onto a smaller number of roads, which in turn
requires that these roads be updated to a higher size
category. The costs to update a few larger roads can
be equivalent to those required to construct a higher
number of smaller and less expensive roads, which
could explain why aggregation does not reduce road
costs. Our results might have been different if we had
considered other factors such as the more frequent
road repairs required with increased traffic of logging
trucks, for example.

These results suggest that it would be difficult to
compensate for the increase in road density associated
with uneven-aged management by simply increasing
the aggregation of cuts. In addition, aggregation may
not always be operationally possible. Indeed, extend-
ing the area of harvest over surrounding stands may
be constrained by the lack of trees of the appropriate
age or composition or the absence of forest. Local
legislation may also limit the size of cuts, which is
the case in Quebec since 2018 (Gouvernement du
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Québec 2018). As such, it seems unlikely that a high
enough level of aggregation could be reached to off-
set the effects of a switch to more uneven-aged man-
agement. Still, aggregation might compensate for a
smaller increase in uneven-aged management use if
coupled with a strategic spatial distribution of cuts
(Tittler et al. 2015).

Our results also indicate that the presence of an
initial forest road network did not have a long-term
influence on road density and cost (Fig. 4e, f). Dif-
ferences in these measures were eliminated over the
first 50 years of simulations (a period which also cor-
responds to the life expectancy of the largest roads
in our study). Without the process of road aging and
deterioration, we expect that the initial road network
would have had a more persistent impact on the land-
scape. Nevertheless, including forest road aging in
our FRS module is a more realistic scenario repro-
ducing the inevitable decay of roads due to erosion,
forest regrowth or wear, after which roads are ulti-
mately either repaired or abandoned (Gucinski 2001).

Additionally, the timing at which the scenarios
with and without an initial road network converge
(around 30 years) is determined by our calibration of
the harvest module: new forest roads progressively
spread in the landscape during the first five iterations
of the simulation. Had we chosen a shorter or longer
period for the expansion of new roads, the conver-
gence of both networks would have occurred earlier
or later during the planning horizon.

Amount of old forests

Our study shows that uneven-aged management, in
the form of irregular shelterwood, can increase the
quantity of older tree cohorts across the landscape.
This can be an advantage over even-aged manage-
ment in terms of conservation of old-growth attrib-
utes harbouring rare species (MacKinnon 1998;
Mosseler et al. 2003), even though a much greater
area needs to be harvested to achieve the same har-
vesting biomass. Indeed, the area harvested at each
time step was about five times superior in scenarios
using only uneven-aged management when compared
with scenarios using only even-aged management
(see Appendix H). Hence, certain uneven-aged man-
agement practices could be seen as promoting forest
stands with more desirable attributes, from both an
ecological and aesthetic perspective. However, these
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potential benefits of uneven-aged management may
be limited by two factors.

First, forests with old-growth attributes are
reduced when a stand-replacing disturbance such as
fire occurs in the landscape, as evidenced by the stark
difference in the amounts of old forests in the north
and the south regions due to the different fire regimes
between these two ecoregions. In the northern region,
the total area of burned forest at the end of a simula-
tion was about ten times larger than in the southern
region (Appendix H), reducing the accumulation of
old forests over time in that region. This suggests that
stand-replacing disturbances constrain the capacity of
uneven-aged management to preserve more mature
forests. Critically, in future climates where natural
disturbances such as forest fires are expected to be
more frequent and severe, the ability of uneven-aged
management to maintain old forests may be weak-
ened (Dale et al. 2001; Régniere et al. 2012; Seidl
et al. 2017).

Second, while uneven-aged management can be
perceived as less impactful than even-aged manage-
ment at the local scale, it remains a disturbance to for-
ests. Indeed, through the periodic returns to harvested
stands, impacts on soil, understory, and local fauna
may accumulate over time (Nolet et al. 2018). Even
if those impacts are reduced locally when compared
to even-aged management (such as clearcutting), they
extend across a larger surface in the landscape. This
echoes some elements of the debate regarding land-
sparing and land-sharing strategies (Edwards et al.
2014). Hence, our study reveals some of the limits
of using such an extensive land-sharing approach in
a landscape to protect important ecosystem services.
Yet, other arguments are present in the existing lit-
erature, advocating for the utility of both approaches
(Edwards et al. 2014; Mori and Kitagawa 2014).
Our results further reveal some interactions between
even- and uneven-aged management. For instance, we
observed a steep decline in the amount of old forest in
the south of our study area, at the end of the simula-
tion when the proportion of uneven-aged management
reached 50% (Fig. 5¢). This decline results from the
even-aged harvesting of old forests that had been pre-
served by prior uneven-aged cuts. In scenarios with
less uneven-aged management (i.e., 0% and 25%),
this decline is compensated by the higher quantity of
younger forests that are in the process of transitioning
to old forests. These trends suggest that the effects of

both even-aged and uneven-aged management on for-
est age could become more similar over time, had we
simulated these interactions beyond 150 years.

Our results also present artifacts resulting from
both our definition of old forests and from our mod-
elling choices. The first is represented by the sud-
den increase in the amount of old forests between
40 and 70 years of simulation especially in the south
of our study area (Fig. 5a, c) but also at 100 years of
simulation in the north in scenarios with no uneven-
aged management (Fig. 5a). These increases are the
result of many age cohorts of the landscape reaching
the critical age of 91 years old from their initiation
at the beginning of the simulation, or from earlier
even-aged cuts and burned forests. Had we chosen a
different definition of old forest and modelled all the
disturbances that historically affected the landscape
(see section “Limitations” below), this increase might
have happened at a different time, or not at all. Still,
we do not expect that this departure from the initial
conditions of the landscape had any effect on our
results or our conclusions since our analysis com-
pared relative differences between scenarios.

Fragmentation of old forests

Our results point to a complex trade-off between the
amount and fragmentation of old forests in uneven-
aged management. Indeed, in the south of our study
area, the consistent decrease of Clumpy with time in
scenarios using uneven-aged management seems to
indicate that while the number of old pixels increases,
their contiguity is generally not preserved because
of the higher road density required in these sce-
narios (Fig. 5b, d, f, h). However, it should be noted
that even-aged management did fragment old forests
across the landscape through roads, and also by creat-
ing patches of younger forest.Intermediate scenarios
also reveal changing trends in the values of Clumpy
in the south of the area until the end of the simulation.
This suggests that interactions between even-aged and
uneven-aged cuts might have changed the results if
the simulations had gone on for several decades. The
potential effects of this trade-off are difficult to evalu-
ate from an ecological perspective and will be highly
dependent on how roads and younger forests actu-
ally impact species on the landscape. However, the
presence of a stand-replacing disturbance seems to
heavily influence this trade-off as this pattern almost
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disappears in the north of our study area character-
ized by much more frequent forest fires compared to
the south. Therefore, the occurrence of stand-replac-
ing disturbances should also be considered when
comparing the effect of even- and uneven-aged man-
agement on old forests (see Sect. 4.4).

Furthermore, the effect of fragmentation per se
(i.e., differentiated from habitat loss) on biodiversity
is currently a highly debated subject in the scientific
literature, allowing for different interpretations of our
results. Indeed, some authors argue that fragmenta-
tion has a generally neutral or even positive effect on
biodiversity in the landscape (Fahrig 2017) while oth-
ers defend the opposing view (Fletcher et al. 2018).
Therefore, questioning the long-term, large-scale
effects of uneven-aged management on biodiver-
sity through its impact on habitat connectivity might
provide different conclusions. For example, species
such as the Pacific marten (Marten caurina) tend to
select forest stands with a higher structural complex-
ity to ease their movement in the landscape, avoid-
ing “simpler” stands with characteristics resembling
even-aged stands (Moriarty et al. 2015). Although
uneven-aged management creates more numerous
and dispersed smaller roads, even-aged management
generates fewer but bigger roads, and may have less
impact on the terrestrial fauna that tends to avoid
these larger pathways (Tittler et al. 2012). As our
study focused on structural connectivity at the land-
scape scale, we expect that pertinent information will
come from future research exploring different man-
agement scenarios similar to this study but taking
into account the effect on the functional connectivity
of different species. Thus, differentiating the effect of
even and uneven-aged management on biodiversity
will require comprehensive functional connectivity
analyses.

Surprisingly, changing the aggregation levels of
the cuts had little to no effect on the fragmentation of
old forests as measured by Clumpy (Fig. 5f, h). This
result could be explained by the fact that aggrega-
tion only slightly reduces the density of forest roads
in the landscape (Fig. 4c), which is an important ele-
ment of fragmentation captured by Clumpy. Moreo-
ver, Clumpy is sensitive to the presence of patches
of young forests that are generated by even-aged
management and the occurrence of fire, but these
patches are absent under uneven-aged management.
Therefore, Clumpy was relatively unaffected when
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areas harvested with uneven-aged management were
aggregated, and when the aggregation of young forest
patches created by even-aged management was weak-
ened by forest fires, which vary in their location and
extent. The effect of forest fires is discussed in more
detail in the following section.

Interactions with stand-replacing disturbances

Two types of fragmentation of old forests were oper-
ating in our simulated landscape: fragmentation due
to forest roads and due to patches of younger forests
resulting from stand replacing disturbances. In our
simulations, the former is increased using uneven-
aged management which increases road density
(Fig. 6a) while the latter is increased using even-aged
management which creates patches of regenerating
forests after clearcutting (Fig. 6b). Indeed, the frag-
mentation of old forests was stronger than anticipated

[ Young forest
[] Mature forest
| I Old forest
L

O]
Projection : NAD83 / Quebec Lambert  Author : Clement Hardy ~ Date : May 2021

Fig. 6 A section of our simulated landscape at t=100 years
during a simulation where a only uneven-aged management is
used, and b only even-aged management is used. Young forests
are defined as pixels with trees no older than 15 years; mature
forests are pixels whose oldest trees range between 15 and 91
years of age; old forests are pixels comprising trees older than
91 years. It clearly appears that the fragmentation of old for-
ests is associated with the extent of the road network under
uneven-aged management (a) while it is also associated with
the distribution of patches of younger forests under even-aged
management (b)
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under even-aged management because it compounded
the two types of fragmentation: one as a result of har-
vesting and the other due to construction of forest
roads. However, the fact that uneven-aged manage-
ment was associated with higher levels of fragmenta-
tion in the south of our study area indicates that roads
had a bigger effect on Clumpy than the patches of
young forest in this landscape.

With these two fragmentation types present
throughout the study area, the factor responsible
for the difference observed in the values of Clumpy
between the north and the south of our study area
becomes clearly apparent (Fig. 5b, d), namely forest
fires. In our simulations, the harvested surface was
similar in both regions of our study area, but the total
burned surface was almost 10 times superior in the
north than in the south, increasing the area of young
forests (see Appendix H). Consequently, our results
suggest that fragmentation in the northern region
is mainly driven by forest fires, as varying the pro-
portions of uneven-aged management only slightly
affected Clumpy (Fig. 5b). On the other hand, the
southern region, which is almost unaffected by forest
fires, displays clear differences among uneven-aged
management scenarios (Fig. 5d).

Therefore, our simulation results suggest that
stand-replacing disturbances, such as forest fires, can
reduce the differences observed between even- and
uneven-aged management in terms of fragmentation
and amount of old forests. This could be crucial in
areas such as the boreal forest, where frequent for-
est fires would reduce the capacity of uneven-aged
management to preserve more mature forests (see
Sect. 4.2). Nonetheless, this lower quantity of old
forests in the north is expected no matter the type of
harvesting used as the fire regime naturally leads to
a lower proportion of old forests. Indeed, using the
equations from Wagner (1978) and the fire zone char-
acteristics of Boulanger et al. (2014), it is expected
that the northern region of the area would contain
20% fewer forests older than 90 years than the south-
ern region at a theoretical equilibrium induced by
the fire regime of both regions. This 20% difference
is approximately what we observed in our results,
when comparing the amount of old forests in the
north and the south of the study area after about 60
years of simulation, for similar management scenar-
ios (Fig. 5a, c). Consequently, the differences in the
effect of land-sharing and land-sparing management

approaches on the amount and fragmentation of old
forests will heavily depend on the occurrence, extent
and severity of natural disturbances.

Our results also suggest that uneven-aged manage-
ment in the boreal forest increases the fragmentation
by forest roads in a landscape already fragmented by
patches of younger forest (due to forest fires). In con-
trast, even-aged management could be seen as emulat-
ing a type of fragmentation already present in boreal
forests (patches of younger forests), while reducing
a second type of fragmentation not naturally present
(forest roads). Nevertheless, forest roads created for
uneven-aged management could facilitate access to
recently burned forests for salvage logging and refor-
estation purposes (Cyr et al. 2022). In addition, even-
aged management could bring an additional fragmen-
tation to that already caused by forest roads in regions
where stand-replacing disturbances are less present
(Guldin 1996). This distinction of where best to use
even-aged or uneven-aged management touches on
one of the key concepts of ecosystem-based manage-
ment: sustainability of forests can be achieved under
management methods able to reproduce their natural
disturbance regime (Bergeron et al. 2002; Harvey
et al. 2002; Gauthier and Vaillancourt 2008). Further-
more, the large surfaces of forest and the dense road
network needed for uneven-aged management could
also present an advantage in the context of global
changes. Indeed, the uneven-aged harvested forests
could be managed in a way that helps them transi-
tion more rapidly to a different state of structure and
composition that would make forests more resistant
and resilient to the new conditions created by global
changes (Messier et al. 2019).

While both the fragmentation due to roads and to
patches of younger forest are operating simultane-
ously, their effects are not equivalent. Indeed, for-
est roads are associated with diverse management
and ecological issues, such as the spread of invasive
species (Mortensen et al. 2009; Meunier and Lavoie
2012), collisions with fauna (Lugo and Gucinski
2000), increased presence of humans (Gucinski
2001), and corridors or barriers to animal movement
that can disturb their population dynamics (Marsh
et al. 2005; Whittington et al. 2011). It has also been
suggested that roads create up to twice the amount
of habitat edges than clearcutting does (Reed et al.
1996). Moreover, forest road usage is increased under
uneven-aged management since it requires periodic
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re-entry into stands and a larger surface to harvest
(Nolet et al. 2018), causing an increase in the transit
of forestry vehicles which in turn intensifies distur-
bances on fauna and flora, and emits additional green-
house gases. Forest roads also represent a constant
loss of productive forest surface over time, contrary to
young forests, as shown by Fig. 4a where up to 12%
of the cells of our landscape are continuously occu-
pied by forest roads after the first 50 years of simu-
lation. Although individual forest roads deteriorate
over time, if forest management is maintained, other
roads will be reconstructed elsewhere. For their part,
young forests generated by even-aged management
will eventually grow into mature forests. However, if
stand-replacing harvesting is maintained across the
landscape, old forests will be reduced. Moreover, for-
est regeneration must be ensured following even-aged
cuts by the proximity of mature trees and seed banks,
the planting of saplings, or the protection of the
youngest cohorts during harvesting. If these three ele-
ments are missing, which might be the case in some
contexts, then forest regeneration will be compro-
mised, leading to long-lasting habitat loss (Timoney
and Peterson 1996).

Limitations

Our modelling approach presents some limita-
tions worth mentioning. First, our results are highly
dependent on the way we define old forests. We fol-
lowed the definition of old forest used by the MRNF:
a forest containing at least one age cohort older than
91 years (MFFP du Québec 2016). Yet this definition
does not fully capture the concept of old-growth for-
est often used when discussing the conservation value
of older forests, which is both complex and context-
dependent (Hilbert and Wiensczyk 2007; Wirth
et al. 2009). An “old-growth forest” (McMullin and
Wiersma 2019) can refer to a certain forest structure
(e.g., old and large trees, logs and snags or a wide
distribution of tree size), specific successional pro-
cesses (e.g., climax forest or steady-state condition),
or even certain biogeochemical processes (e.g., decay
of snags and logs or nutrient retention) (Wirth et al.
2009). Moreover, an old-growth forest in a boreal
biome can be much younger than what would be con-
sidered an old forest in other biomes, e.g., a tropical
biome. In addition, the definition of old forest that we
used does not distinguish between an “untouched”
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old forest that has not been harvested or disturbed
for a long time (i.e., an old-growth forest) and a for-
est harvested by uneven-aged management, but that
still presents some relatively old cohorts (i.e., a for-
est with old trees). Therefore, we expect that uneven-
aged management would have fared worse regarding
the fragmentation of “untouched” old forests. This
could be important for species that are sensitive to the
quality rather than the quantity of available old for-
ests (e.g., Regolin et al. 2021). Lastly, while we did
not measure the diversity in forest age classes across
the landscape, it can be argued that the quantity of
old forests can capture this structural heterogeneity.
Indeed, old forests tend to contain more age classes
even if originally disturbed by a stand replacing dis-
turbance such as a severe forest fire or even-aged cut
(Bergeron 2004; Martin et al. 2020).

A second limitation comes from the geographi-
cal context of our study area. The Mauricie region is
characterized by vast expanses of mixed and boreal
forests located far away from the main road network
or any community. In more densely populated regions
where the permanent road network is closer to har-
vested areas, we expect that increasing the use of une-
ven-aged management would not necessarily lead to
an increase in forest road density. In addition, had we
simulated epidemics of spruce budworm, we would
likely have observed a less important difference in the
proportion of old forests between the southern and
northern regions. This significant agent of disturbance
affects mature fir-spruce stands in the south of our
study region but does so less frequently in the north
where the growing season is too short for completing
their life cycle (Régniere et al. 2012). Tree mortality
due to repeated years of spruce-budworm defoliation
contributes to the rejuvenation of old stands.

A third limitation is that our results may be sen-
sitive to the particularities of the forestry methods
that we simulated, which are based on the common
harvesting prescriptions in Quebec. As such, our
results may not be generalized to different combina-
tions of harvesting methods used in other countries.
In addition, the harvesting stand prescriptions that
we simulated with LANDIS-II are quite simple and
broad in their application. This is because LANDIS-
II currently does not allow prescriptions based on a
complex assignment of stands including, for example,
species, age structure, or soil conditions. As such, fur-
ther studies might be needed to explore the nuances
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that might result from more complex prescriptions
assignments.

Fourthly, we did not include the effect of a chang-
ing climate in our simulations, even if their effects on
forest regeneration, precipitation, and fire regimes are
expected to take place on a 150 year horizon. Indeed,
in Quebec, climate change is predicted to increase
the frequency of forest fires and affect the growth of
many tree species (Boulanger et al. 2023). To better
distinguish and interpret differences resulting from
different management strategies, and to reduce the
computational load of the simulations, we opted not
to consider the impact of climate change. But as high-
lighted previously, more frequent fires might reduce
the differences in fragmentation and quantity of old
forest observed in our study between even-aged and
uneven-aged management scenarios. Additionally,
changes in species growth might require different
harvesting prescriptions to facilitate the regeneration
of species more impacted by climate change in the
future.

Finally, it is important to recall that the density
of forest roads (Dr) reported here corresponds to the
proportion of cells in the landscape that contain a
road. Because the actual surface occupied by a road
is smaller than the spatial resolution of the model (1
ha), the road density variable certainly overestimates
the density of forest area transformed into roads.
Thus, while forest roads were present in up to 12%
of the cells of our simulated landscape (Fig. 4a), they
did not occupy 12% of the surface of the landscape.

Conclusion

Our simulation study demonstrates that a land-shar-
ing strategy in forestry, characterized by a prevalence
of uneven-aged management methods,can increase
the density of roads, the level of fragmentation, the
cost of road construction and repair, and the amount
of forests with old-growth attributes in the landscape.
It also suggests that fragmentation could be slightly
lowered by aggregating harvested areas. The presence
of an initial road network did not alter fragmentation
in the long term. Thus, our study shows that despite
the potential benefits of uneven-aged management for
conservation at the stand level, it can contribute to
additional landscape fragmentation when compared
to even-aged methods. This finding, along with the

additional costs associated with the construction of a
more extensive road network, needs to be considered
when balancing objectives through strategic forest
management planning.

Our results also imply that choosing between even-
and uneven-aged management involves a trade-off
between the proportion of old forests in the landscape
and their level of fragmentation. However, the con-
sequences of this trade-off are closely linked to the
specific even- and uneven-aged methods employed,
the definitions used for fragmentation and habitat,
the patterns of fragmentation resulting from natural
disturbances, and the perceived effects of fragmen-
tation on the landscape. Overall, our study indicates
that uneven-aged management at the landscape scale,
which can be considered as a land-sparing strategy,
is not necessarily better than even-aged manage-
ment, a land-sparing strategy, for conserving forest
ecosystems. Hence, our study emphasizes the notion
that over large spatiotemporal scales, no single for-
est management strategy is both economically and
ecologically “better” than another (Puettmann et al.
2009; Nolet et al. 2018).

While neither even-aged nor uneven-aged man-
agement is without flaws, we anticipate that a mix of
these two methods, implemented in the right place,
could present the best compromise. Indeed, man-
agement scenarios that combined both methods pre-
sented intermediate values in all the measured vari-
ables, suggesting that their use could be fine-tuned to
obtain the desired compromise between the conserva-
tion of certain forest habitats, and the construction of
forest roads to maintain timber production. To further
optimize such fine-tuning, management plans that
strategically position areas harvested with uneven-
aged management could reduce landscape fragmen-
tation. For example, clustering areas managed near
existing roads or organizing the landscape into zones
of different harvesting intensities (as in the TRIAD
approach) could reduce the need for additional roads
when harvesting larger surfaces, thereby facilitating
connectivity between sensitive or important habitats
(Messier et al. 2009; Tittler et al. 2012).
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