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Abstract 16 

Context 17 

Uneven-aged forest management is sometimes seen as offering interesting compromises between timber production 18 

and other important ecosystem services, compared to even-aged approaches. However, uncertainties remain 19 

concerning its impacts over longer time periods and broader spatial scales, as larger areas and further roads are 20 

required to harvest the same amount of wood. 21 

Objectives 22 

We compared the large-scale and long-term impacts of uneven-aged and even-aged managements on the 23 

composition, road density and fragmentation of a landscape composed of northern temperate and boreal forests, and 24 

presenting frequent forest fires. 25 

Methods 26 

We simulated an 800 000 ha forested landscape in the Mauricie region (Quebec, Canada) over a 150-year planning 27 

horizon with the LANDIS-II model and an extension that simulates forest road construction. We compared 30 28 
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different management scenarios that varied the proportion of even- and uneven-aged managements, the level of 29 

aggregation of the harvested areas, and the presence of pre-existing forest roads. 30 

Results 31 

Compared with even-aged management, uneven-aged management increased (i) the density of forest roads and their 32 

operational costs, (ii) the amount of old forests, and (iii) their fragmentation. Aggregating harvested areas did not 33 

noticeably reduce road density , and the presence of an initial road network had no long-term effects. Differences in 34 

landscape fragmentation between scenarios were reduced in the northern region of the landscape due to the fire 35 

regime. 36 

Conclusions 37 

Choosing uneven-aged over even-aged management represents a trade-off between the amount of old forests in the 38 

landscape and three variables related to roads : their density, their related cost, and the fragmentation per se that they 39 

generate, This trade-off seems to disappear  in the presence of stand-replacing disturbances in the landscape and is 40 

unlikely to be improved by aggregating the harvested areas. 41 

Keywords: uneven-aged management, forest roads, LANDIS-II, forest fragmentation, forest landscape modelling,  42 

aggregated harvest  43 
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1. Introduction 44 

Forests provide essential ecosystem services for societies across the globe and harbour most of the Earth’s 45 

terrestrial biodiversity (FAO and UNEP 2020). Yet, the increasing demand for land and forest products as well as 46 

climate-induced changes to forest structure and functions are threatening forest health (Trumbore et al. 2015). In 47 

fact, about 30% of the area covered by forest biomes in the world is managed, under varying intensities, to produce 48 

timber and non-timber forest products (FAO 2020). In the temperate and boreal forests, forestry represents the most 49 

important form of anthropogenic disturbance on forests (Curtis et al. 2018). Thus, designing sustainable forest 50 

management strategies that can balance the trade-offs between timber demand and conservation objectives is a 51 

pressing challenge (D’Amato et al. 2011; Lindenmayer et al. 2012; Brang et al. 2014). 52 

In North America, even-aged forest management is still widely used, especially in boreal and mixed forests. 53 

Indeed, clearcutting accounts for more than 80% of all forest harvesting in Canada, whereas it is around 40% in the 54 

USA (Oswalt and Smith 2014; Statistics Canada 2018). However, clearcutting has been increasingly perceived as 55 

having negative environmental impacts. Multiple scientific studies have shown that even-aged management can alter 56 

the structure of forest ecosystems and reduce biodiversity when applied across wide forest landscapes (Cyr et al. 57 

2009; Martin et al. 2020) or in forests that are not adapted to stand-replacing disturbances (Burton and Canada 2003; 58 

Park et al. 2005; Nolet et al. 2018). For example, Paillet et al. (2010) observed that clearcutting in European forests 59 

was associated with a decline in species richness of several taxa, and Cyr et al. (2009) showed that even-aged 60 

management shifted the age-class distribution of boreal forests towards younger stands, to the detriment of old-61 

growth ones. Moreover, the unaesthetic scenery created by clearcutting has led to widespread public dislike of this 62 

method (Ribe 2005). 63 

Consequently, forest scientists and policy makers have recently shown renewed interest in uneven-aged forest 64 

management (O’Hara 2002; Diaci et al. 2011; Schütz et al. 2012) where three or more age classes within harvested 65 

stands are preserved through selection cutting of individual trees or groups of trees (Hawley and Smith 1962; 66 

Matthews 1991; Puettmann et al. 2009). Because uneven-aged management can maintain a constant forest cover and 67 

many important attributes associated with older stands, it is considered a relevant alternative to even-aged 68 

management whose widespread use tends to create open habitats and younger forest landscapes. This is particularly 69 

true in forest regions that are known to mostly experience rather fine scale, partial natural disturbances (e.g., 70 

windthrows, insect outbreaks) which are appropriately emulated by uneven-aged management (Kuuluvainen et al. 71 

2021). 72 

Indeed, uneven-aged forest management has been associated with improved protection of biodiversity and 73 

sustainability of ecological services (Fedrowitz et al. 2014; Pukkala 2016). For example, some studies have shown 74 

that forests managed with uneven-aged compared to even-aged management captured more carbon (Strukelj et al. 75 

2015), had a greater abundance and diversity of birds (Tittler et al. 2001), mammals (Ruel et al. 2013), plants 76 
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(Götmark et al. 2005), bryophytes (Stone et al. 2008; Boudreault et al. 2013), and insects (Graham-Sauvé et al. 77 

2013; Joelsson et al. 2017) several years following harvesting, and showed an increased resilience in landscapes 78 

associated with high fire frequency (Cyr et al. 2022). Other studies have also shown that uneven-aged forest 79 

management conserved several important characteristics of old-growth forests, such as tree species diversity, species 80 

abundance, and a broader tree diameter distribution (Gronewold et al. 2010; Adamic et al. 2017).  81 

However, evidence of the ecological advantages of uneven-aged management over even-aged management 82 

remains equivocal or disputed (Nolet et al. 2018). In addition, most studies to date reporting on the benefits of 83 

uneven-aged management have been carried out at the stand scale and over a short period of time (e.g., 1-35 ha and 84 

2-9 years in previously cited studies), while focusing on specific groups of species (1-3 taxa in previously cited 85 

studies). It is also currently unclear how disturbances created by uneven-aged management interact with the cross-86 

scale spatiotemporal dynamics of natural disturbances, such as forest fire (Kalabokidis and Wakimoto 1992; 87 

Kuuluvainen et al. 2012; Nolet et al. 2018). Hence, a comprehensive understanding of the impact of uneven-aged 88 

management on forest structure and function at spatial and temporal scales at which forest management is performed 89 

is currently lacking (Nolet et al. 2018). 90 

Uneven-aged management may have several shortcomings when it comes to conserving forest structure and 91 

diversity, especially at the landscape scale. During a planning horizon, uneven-aged management requires that 92 

silvicultural operations extend over larger forest areas than even-aged management to harvest the same volume of 93 

wood (Betts et al. 2021). Consequently, uneven-aged management may require the development of a larger and 94 

more permanent forest road network to reach distant stands over shorter rotation periods especially in countries or 95 

regions with vast expanses of remote forest like Canada (Alexander and Edminster 1977; United States Department 96 

of Agriculture 1997; Nolet et al. 2018). As such, uneven-aged management likely increases landscape 97 

fragmentation, with potential negative effects on habitat connectivity for several species and ultimately on 98 

biodiversity (Haddad et al. 2015). Forest roads have also been linked to other negative effects such as contributing to 99 

the decline in the macroinvertebrate soil fauna (Haskell 2000), beetles (Koivula 2005) and salamanders (Marsh and 100 

Beckman 2004); facilitating the spread of invasive plants (Mortensen et al. 2009); reducing habitat quality for some 101 

species of birds (Ortega and Capen 1999); changing movement patterns of large mammals such as the elk (Witmer 102 

and deCalesta 1985); increasing wolf predation on the caribou (James and Stuart-Smith 2000; Whittington et al. 103 

2011; Vanlandeghem et al. 2021); and influencing the spatial boundaries of forest fires (Narayanaraj and Wimberly 104 

2011). In addition, the shorter rotation periods of uneven-aged management would mean more frequent disturbances 105 

within stands, possibly reducing the potential benefits of uneven-aged management described above in the long-106 

term. 107 

From these considerations, even-aged management can be seen as a land-sparing approach where intensive 108 

harvesting is carried out on a smaller portion of the landscape while uneven-aged management can be seen as a land-109 
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sharing approach (Lindenmayer et al. 2012). As such, even-aged management would "spare" the remaining forests 110 

of the landscape by reaching a harvest target over a reduced area; whereas uneven-aged management would "share" 111 

the entire forest landscape for different purposes through less damaging harvesting. This debate between the efficacy 112 

of land-sparing and land-sharing strategies for conservation has been long ongoing in conservation sciences, 113 

especially in the context of agriculture (Balmford 2021). Consequently, this raises questions regarding the potential 114 

trade-offs between even-aged and uneven-aged approaches: How do these trade-offs evolve over time? How many 115 

more forest roads does uneven-aged management require? How do the effects of roads on forest fragmentation and 116 

composition differ between even- and uneven-aged management? Can some of these effects be altered by the 117 

aggregation of harvested zones in the landscape? In the present study, we compare the effects of even- and uneven-118 

aged forest management on the amount and fragmentation of old forests over a 150-year planning horizon and 119 

across an extensive management unit located in the northern temperate and boreal forests in Quebec, Canada. This 120 

management unit is almost entirely composed of forests and lakes with very few rural communities (covering only 121 

0.1% of the unit area). As such, it is an interesting area to study the land sparing – land sharing question in forestry. 122 

Indeed, the large surface of forests in the area allows the implementation of both strategies on a large scale. In 123 

addition, its fragmentation will be sensitive to the presence of forests roads, which are the majority of roads found in 124 

the area (more than 90%).  125 

 We focus on old forests since they present characteristics that are essential for multiple species (Thomson 1994; 126 

MacKinnon 1998; Terry et al. 2000) and provide key ecosystem services (Luyssaert et al. 2008; Clark 2011; Frey et 127 

al. 2016), but have severely declined in managed landscapes (Cyr et al. 2009; Shorohova et al. 2011; Martin et al. 128 

2020). Therefore, conservation of old forests has become an important management objective in both governmental 129 

regulations and international certification programs (Strittholt et al. 2006; Knorn et al. 2013; Merschel et al. 2019). 130 

Here, we used the term "old forests" to describe forests with old trees, to distinguish it from the term "old-growth 131 

forests" which can refer to a set of structural characteristics, processes, functions or legacies (Wirth et al. 2009). 132 

We use LANDIS-II, a forest landscape model (Scheller et al. 2007), in combination with the Forest Roads 133 

Simulation module (FRS), a new extension that simulates the construction of forest roads needed to reach harvesting 134 

sites (Hardy et al. 2023). We simulated 30 different management scenarios where three factors modulating the 135 

impact of uneven-aged management on the fragmentation of old forests were varied: (i) the proportion of 136 

aboveground tree biomass harvested with uneven- vs. even-aged silviculture, (ii) the presence/absence of an initial 137 

forest road network, and (iii) the level of spatial aggregation of logging sites. Our study area was composed of 138 

mixed and boreal forest, with frequent forest fires in its northern half, but not in its southern part. We compared 139 

these scenarios based on the temporal dynamics of the following response variables: the density of forest roads, their 140 

cost of construction and repair, and the amount and fragmentation of old forests. Our goal was not to attempt to find 141 

an optimal location for even- or uneven-aged cuts (i.e. Tittler et al. 2015), but to explore two broad management 142 

strategies and their interactions with forest roads and natural disturbances. Furthermore, we did not include climate 143 
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change as a varying factor, in order to better isolate and interpret differences resulting from the different 144 

management strategies and reduce the computational load of the simulations. 145 

We hypothesized that a land-sharing strategy, represented by a higher proportion of the landscape harvested 146 

under uneven-aged management, protects a larger amount of old forests compared to a land-sparing strategy 147 

characterized by more even-aged management. On the other hand, we also hypothesized that uneven-aged 148 

management increases road density and usage of roads, along with the fragmentation of the landscape. As such, 149 

simulations with a higher level of uneven-aged management would lead to higher road density, greater costs in road 150 

construction and maintenance, and higher fragmentation of old forests. Additionally, we hypothesized that 151 

aggregating harvesting areas requires less forest roads and thereby reduces their negative impacts on cost and 152 

fragmentation. Finally, we hypothesized that the presence of natural disturbances interacts with harvest prescriptions 153 

by lightening or exaggerating their effects on the composition of the landscape. 154 

2. Methodology 155 

2.1.Simulated area and study area 156 

Our study area corresponds to a forest management unit in Mauricie, Quebec (Figure 1) where both even-aged 157 

and uneven-aged management are currently being used (Messier et al. 2009). The total area covers around 800 000 158 

hectares and is typical of the temperate mixed wood and southern boreal coniferous forest. It extends mostly from 159 

the balsam fir and yellow birch region in the south to the balsam fir and white birch region in the north (Robitaille 160 

and Saucier 1998). The dominant species in the southern part of the landscape are balsam fir (Abies balsamea), 161 

yellow birch (Betula alleghaniensis) and trembling aspen (Populus tremuloides). Further north, the main species are 162 

balsam fir, white birch (Betula papyrifera), trembling aspen, black spruce (Picea mariana) and jack pine (Pinus 163 

banksiana). While fire is an important natural disturbance in the region with a return interval of around 300 years in 164 

the north and 5300 years in the south (Boulanger et al. 2014; Couillard et al. 2022), recurrent spruce budworm 165 

outbreaks are also significant in balsam fir stands particularly in the south (Bergeron and Fenton 2012). Because of 166 

the prevalence of severe forest fires, even-aged forests occur naturally in this landscape (MFFP 2018). The study 167 

area is characterized by few rural communities (covering only 0.1% of the unit area) connected by a sparse network 168 

of paved roads. Large-scale logging began in the south of the area during the late 1920s, progressively spreading to 169 

the north during the following decades (Messier et al. 2009). Forest management until today consisted largely of 170 

clearcutting followed by planting or natural regeneration, mixed with different forms of partial cutting. Being almost 171 

entirely composed of public forests, forest management in the area is currently regulated by the Ministère des 172 

Ressources naturelles et des Forêts du Québec (MRNF, formerly MFFP). As of this 2018, most of the forest surface 173 

in the area was classified as being less than 70 years old, with only 11% being 90 years old or more; whereas 12% of 174 

the surface is considered as having an uneven-aged structure (3 age classes or more) (MFFP, 2018). 175 
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2.2.The LANDIS-II forest landscape model 176 

LANDIS-II is a spatially-explicit forest landscape model (FLM) that simulates forest dynamics through both 177 

stand-level processes (e.g., succession through intra- and interspecific interactions) and landscape-scale processes, 178 

such as seed dispersal (Scheller et al. 2007) as well as natural (e.g., fire, wind, and defoliating insects) and human 179 

disturbances (e.g., harvesting and land-use change) based on the life-history traits of tree species. Trees are modelled 180 

as cohorts, i.e., as a group of trees of a given age class and species. 181 

In LANDIS-II, the simulated landscape is composed of square cells that are either forested or non-forested (e.g., 182 

water, urban area, etc.). Each forested cell is categorized into an ecoregion, representing the effect of climate and/or 183 

soil on tree growth, and is assigned to a management area for harvesting purposes. The model is composed of 184 

multiple extensions, each simulating one of the main processes driving forest dynamics. During one iteration, each 185 

extension operates sequentially. Parameters for the extensions used in the present study are summarized in Appendix 186 

A. 187 

Our simulations were executed with LANDIS-II v. 7.0 on a landscape of around 4 million forested cells 188 

encompassing our study area surrounded by a 50 km buffer zone (Figure 1). We chose a cell size of 1 hectare, which 189 

is typical of LANDIS-II studies as it represents a good compromise between computational load and simulation of 190 

fine-scale processes (Shinneman et al. 2010; Sturtevant et al. 2012). 191 

2.3.Parameterization of LANDIS-II 192 

General parameterization 193 

The parameter values for our study were derived from the protocol described in Boulanger et al. (2017) and 194 

subsequently used in several studies using LANDIS-II to simulate forest landscapes in Quebec and elsewhere in 195 

Canada (Boulanger et al. 2017, 2019; Tremblay et al. 2018). Simulation duration was set to 150 years (from the year 196 

2000 to 2150) to reflect the strategic planning horizon of forest management in Quebec (Bureau du forestier en chef 197 

du Quebec 2013). All modules operated on a time step of 10 years, a compromise between simulating processes 198 

occurring over short and long terms (Shinneman et al. 2010; Sturtevant et al. 2012; Boulanger et al. 2017). 199 

The initial composition and age structure of the forest community within each cell were determined using data 200 

from the Canadian National Forest Inventory (Beaudoin et al. 2014) and Quebec’s permanent and temporary sample 201 

plots (Alain et al. 2016a, b). Each cell was assigned a sample plot using a nearest neighbour analysis based on age 202 

and species-specific biomass (Boulanger et al. 2017; Tremblay et al. 2018). In total, 17 different tree species were 203 

modelled (see Appendix B). In addition, the ecoregions of our landscape were defined by assigning cells to 204 

homogeneous units of soil (Mansuy et al. 2014) and climate (Boulanger et al. 2017). Each of the nine management 205 

areas in our landscape corresponded to those currently used by the MRNF. Finally, the forest stands (which are 206 
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groups of cells within management areas) were defined spatially using the stands identified during Quebec’s 207 

provincial inventory (MFFP, 2018a). 208 

Biomass succession 209 

Succession was modelled using the “Biomass succession” extension (v. 5.2) of LANDIS-II, which computes the 210 

biomass and biomass increment of tree cohorts. This module relies on a collection of parameters that determine the 211 

competitive ability of each species and its establishment and growth potential under specific environmental 212 

conditions. The latter parameters were derived using the model PICUS (Lexer and Hönninger 2001), an individual-213 

based spatially-explicit model of stand dynamics, as in Boulanger et al. (2017) and Tremblay et al. (2018) (see 214 

Appendix C for further information).  215 

Life-history traits and shade tolerance parameters for the 17 tree species modelled were estimated from the 216 

literature (Appendix A). The values of the other parameters (e.g., growth curves and shade impact on productivity) 217 

were determined from calibration runs with the goal of minimizing differences with initial estimates of biomass 218 

made by LANDIS-II and biomass estimates from the National Forest Inventory for the simulated area (Appendix C). 219 

Natural disturbances (Fire) 220 

 Two main natural disturbances are present in our landscape: forest fire, and epidemics of spruce budworm 221 

(Choristoneura fumiferana). We simulated forest fire, which consists of the dominant natural disturbance in our 222 

study area (see section 2.1) using the Base Fire extension of LANDIS-II, but for simplicity we decided not to 223 

simulate spruce budworm outbreaks. This choice facilitates the interpretation of the results since the simulated forest 224 

dynamics emerges from fewer interactions between forest management and natural disturbances. .The Base Fire (v. 225 

4.0) extension of LANDIS-II follows a simple dynamic (He and Mladenoff 1999) where a fire is initiated within a 226 

cell according to a probability dependent on the age of the oldest cohort. The fire then spreads successively to 227 

neighbouring cells based on probabilities modulated by a randomly determined wind direction. Finally, local fire 228 

damage depends on fire severity and species composition. The minimal, average, and maximal sizes of fire, and its 229 

return interval can be specific to “fire regions” determined by the user. 230 

Following the method employed in Boulanger et al. (2017), two fire regions were defined in our landscape from 231 

the delimitation of the homogeneous fire zones of Boulanger et al. (2014). The parameters of LANDIS-II for each 232 

fire region were estimated in order to reproduce the historical maximal and minimal fire sizes in each region as well 233 

as the percentage of area burned each year on the simulated landscape during the initial 30 years of simulation (see 234 

Appendix D). 235 
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Harvesting 236 

Timber harvesting in LANDIS-II is modelled as a set of prescriptions (e.g., clearcutting, selective cutting, etc.) 237 

that are applied within user-defined management areas. Each management area can thus have a different set of 238 

prescriptions that are applied on a certain percentage of its surface. For each management area, prescriptions are 239 

realized one by one in a random order and are applied to selected stands based on a set of conditions and/or ranking 240 

algorithm (random, economic value, age structure, etc.). Cohort harvesting using a given prescription stops once the 241 

surface to be harvested in the management area has been reached. 242 

The current LANDIS-II harvest module can only define prescriptions based on a targeted percentage of the total 243 

surface of the management area to be harvested. However, our research question required that we harvest the same 244 

amount of biomass, not surface, with different prescriptions in order to properly compare the impacts of even-aged 245 

and uneven-aged management on the same landscape. Hence, we used the Magic Harvest extension for LANDIS-II 246 

to better control the biomass that was harvested by the Biomass Harvest extension via a custom Python script 247 

(Hardy 2022) (see Appendix E). 248 

The biomass target in each of the nine management areas was based on the annual allowable cuts (AAC) 249 

determined by Quebec Chief Forester's Office and the MRNF for the 2018-2023 period (MFFP, 2018b). The targets 250 

were also adjusted to the temporal resolution employed in our simulations (10 years instead of 5 years for the AAC; 251 

see Appendix E). The computation of the AAC in Quebec is a multi-constraint optimization exercise realized for 252 

each management unit. This optimization includes a constraint on the amount of older forests that must be preserved 253 

in the landscape, which was integrated in the harvest targets that we employed. Harvesting prescriptions and the 254 

criterion used to prioritize the stands to be harvested were defined to simulate typical harvesting operations 255 

conducted in Quebec today, which may differ from prescriptions in other countries.  256 

The main prescriptions used in our study area include clearcutting, shelterwood cutting, and continuous-cover 257 

forestry (sometimes referred to as irregular shelterwood) (Table 1). The first two prescriptions correspond to even-258 

aged management, while the third corresponds to uneven-aged management. All prescriptions were applied only to 259 

stands 30 years or older, meaning stands that had at least one age cohort of more than 30 years. This age constraint 260 

implied rotations of at least 30 years. However, these stands could contain age cohorts younger than 30 years that 261 

could be harvested by the clearcutting and shelterwood prescriptions. Clearcutting harvested all age cohorts older 262 

than 10 years in a cell (to mimic clearcutting with protection of regeneration as is currently done in Quebec). 263 

Shelterwood cutting harvested 90% of the biomass of all age cohorts older than 10 years in the cell in a first cut, and 264 

then harvested every remaining cohort older than 20 years in a second cut 20 years later. Finally, the irregular 265 

shelterwood was initially modelled to harvest 30% of the biomass of all age cohorts 30 years and older in the cell 266 

every 30 years. We fixed the proportions of clearcutting and shelterwood cutting (our two even-aged management 267 

prescriptions) to the proportions currently used in our study area. Hence, shelterwood cutting harvested 10% of the 268 
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biomass target calculated for even-aged management, while clearcutting removed the remaining 90% (Table 1). 269 

Finally, we allowed the 30-year return cycle of the irregular shelterwood prescription to be overridden in the case 270 

where the biomass target couldn't be reached by respecting this delay. This could happen in management areas with 271 

a large biomass target, in scenarios where a high proportion of uneven-aged management was used. 272 

We varied the size of harvested patches among the different aggregation scenarios that we tested (see section 2.5 273 

below). The maximal area that could be harvested in a single cut was defined according to historical records of cut 274 

size in our study area (MFFP du Québec 2018b). Harvesting was simulated by “propagating” the harvested area 275 

from forest stand to forest stand until the maximum cut size was reached or until no adjacent stands satisfying the 276 

age constraint (30 years or older) were available. 277 

2.4.The Forest Roads Simulation Module 278 

To model the dynamics of forest roads, we used the LANDIS-II “Forest Roads Simulation” (FRS) extension 279 

(Hardy et al. in press). The FRS extension generates or updates the forest roads needed to carry the harvested wood 280 

in the landscape in a realistic yet computationally efficient way. To do this, the FRS extension generates a path of 281 

road segments that connects cells from a harvested area to an exit point (either the location of a sawmill or a point 282 

on the existing main road network) with minimum construction costs based on landscape topography and existing 283 

roads.  284 

The running of the FRS extension is described in Figure 2. The extension uses a raster layer, the “road 285 

landscape”, to track the location of forest roads. Roads belong to a size category (tertiary road, secondary road, 286 

primary road, etc.) that accommodates an increasing flux of trucks needed to carry the harvested timber (Karlsson et 287 

al. 2006). The FRS extension is activated during the initiation phase of a LANDIS-II simulation and at each iteration 288 

following the harvesting procedure. 289 

During the initiation phase, the FRS extension computes the cost of constructing a potential forest road within 290 

each cell. This cost map considers the cost associated with several landscape features, including the “coarse” 291 

elevation (mean slope of the cell), the “fine” elevation (presence of breaks or cliffs requiring a detour), water bodies 292 

(such as lakes and rivers that would require a bridge), streams (requiring a culvert), and soils (Figure 3A, B). 293 

Following the initialization phase, and at each time step where the FRS extension is activated, an attempt is made 294 

to create a road toward every cell harvested since the last module activation (Figure 2). There are no interactions 295 

between the harvest and the FRS extensions. The harvest extension determines the position of cells to harvest, 296 

whereas the FRS extension simply creates roads towards these cells. Timber transportation through the network is 297 

then simulated, and the size category of roads is updated to accommodate an increasing traffic of logging trucks. 298 

Road aging was also considered by removing forest roads that reached their persistence limit (a road type 299 

parameter), if they were not repaired (see Appendix F). Finally, when a cell is harvested under uneven-aged 300 
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management, the algorithm considers the necessity of future returns to the cell by selecting the least expensive 301 

option between creating a low-cost, nondurable road that may need to be reconstructed or repaired when returning to 302 

the cell and creating a higher grade, more durable road that will persist for future access. 303 

In the present study, the FRS module was parameterized using several MRNF datasets reporting on the 304 

construction costs of forest roads (e.g., mean costs of construction of road segments by slope, soil type and road 305 

category), along with key characteristics of forest roads (e.g., real mean skidding distance, persistence by road type) 306 

(see Appendix F). Our exit points for the wood were simply the cells containing the main paved roads of the 307 

landscape. The transport of wood was oriented toward these cells, and no new main paved roads were created during 308 

the simulation. Calibration of the FRS module over our study area was performed in Hardy et al. (2023). 309 

2.5.Scenarios 310 

To compare the long-term and landscape-scale impacts of even- and uneven-aged management strategies, we 311 

defined harvesting scenarios varying three different factors (Table 2). First, we considered the presence or absence 312 

of an initial road network in the simulated area. When present, the initial road network corresponded to the existing 313 

roads reported in the governmental database “AQReseau+” containing all terrestrial transport routes in Quebec, 314 

including forest roads (Gouvernement du Québec 2015). When absent, the initial network consisted of the main 315 

existing paved roads only. To improve the realism of the simulated roads, we calibrated the harvest module such that 316 

in the absence of an initial road network, harvested areas and new forest roads would progressively spread in the 317 

landscape during the first five iterations (50 years) of the simulation (see Appendix E). 318 

Second, we compared the use of uneven-aged (i.e., irregular shelterwood) to even-aged management 319 

(clearcutting and shelterwood) by progressively varying the fraction of the total biomass target to be harvested under 320 

uneven-aged management (0%, 25%, 50%, 75% and 100%). The remaining fraction of the biomass target was 321 

harvested using even-aged management. 322 

Finally, we considered the level of aggregation of harvest cuts given its potential influence on the extent of the 323 

resulting road network and on landscape fragmentation (Tittler et al. 2015). The aggregation levels were defined in 324 

relation to the maximum size for all the areas harvested in our study area since the year 2000 (209 ha, 359 ha, 117 ha 325 

for clearcuts, shelterwood cuts, and uneven-aged cuts, respectively; MFFP du Québec 2018a). As such, we set the 326 

maximum size of harvest events in LANDIS-II to the historical average for the intermediate aggregation level. 327 

Alternatively, we set the maximum size of harvest events to half and twice that of the intermediate aggregation level 328 

for the low and high levels of aggregation, respectively. 329 

We developed one management scenario for each combination of levels for the three factors investigated, 330 

resulting in a total of 30 distinct scenarios. We simulated five replicates for each scenario to account for the 331 

stochasticity of LANDIS-II using the infrastructure of Compute Canada. 332 
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2.6.Data analysis 333 

Three classes of metrics were calculated at each time step during our simulations: succession and disturbance 334 

dynamics, forest road network and landscape fragmentation.  We compared the management scenarios through their 335 

effect on the size of each metric during the simulation period (0 – 150 years) (White et al. 2014). Replicates for each 336 

scenario captured within-scenario variability due to stochastic processes such as forest fire and succession.  337 

Succession and disturbance dynamics 338 

As a validation exercise, we evaluated the impact of the different management scenarios on forest succession and 339 

disturbance dynamics. Succession was measured by the aboveground biomass annual net primary productivity (P; 340 

measured in 𝑔 ∙ 𝑚ିଶି௬௘ ), corresponding to the total change in aboveground biomass averaged across all forested 341 

cells, and by the average age of all age cohorts in the landscape (A, in yr). In addition, we assessed the landscape-342 

scale impact of the simulated disturbances by measuring the total surface harvested (Sh, in hectares), the total 343 

biomass harvested (Bh, in Mg) and the total surface burned (Sb, in hectares). These measurements are presented in 344 

the appendices of the article (Appendices H and J), as they are not of direct relevance to our research question.  345 

Forest road network 346 

We determined the size and monetary cost of the forest road network in our simulated landscape. Network size 347 

was measured by road density (Dr), which is the proportion of cells that contained a road. The cost (Cr), in 2020 348 

Canadian dollars (CAD), for road construction and repair (i.e., size category upgrade and restoration of old roads) 349 

was estimated based on the cost parameters cited in section 2.4 (Appendix G). 350 

Landscape fragmentation 351 

Finally, we estimated the landscape-scale impact of forest management on the amount and fragmentation of old 352 

forests. We defined old forests as forest stands containing at least one age cohort older than 91 years based on the 353 

definition employed by the MRNF (MFFP du Québec 2016). The amount of old forest in the landscape was 354 

measured as a percentage of the total forested area (So). Fragmentation was measured using the clumpiness index 355 

(Clumpy) which estimates the aggregation of pixels of a given type (e.g., pixels containing old forests) (equation in 356 

Appendix L; see McGarigal et al. 2012). More precisely, the index measures the deviation in the proportion of 357 

adjacencies between pixels of this type in the simulated landscape from the proportion that is expected under a 358 

random distribution of the pixels of that type. It varies from -1 (minimum aggregation possible) to 1 (maximum 359 

aggregation possible). Clumpy also presents a low correlation with habitat amount, making it ideal for measuring 360 

fragmentation per se (Wang et al. 2014). We used the R package landscapemetric (Hesselbarth et al. 2019) to 361 

compute the index.  362 
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3. Results 363 

We present the temporal dynamics of each metric investigated over the planning horizon (150 years). Results are 364 

presented for simulations that varied one factor (initial road network, ratio of use of uneven-aged management, or 365 

aggregation of cuts) while keeping the other factors at an intermediate value (i.e., no initial road network, 50% of the 366 

biomass harvested using uneven-aged management, and intermediate aggregation level). Additionally, results 367 

concerning the fragmentation of the landscape are illustrated for the northern and southern regions of the landscape 368 

separately (results for the entire landscape are available in Appendix K). In so doing, as fire regimes differ in both 369 

regions, we are better able to distinguish the potential contribution of fire to landscape fragmentation. 370 

Road density and cost 371 

We observe a much higher road density (Figure 4a) and cost of construction and repairs (Figure 4b) throughout 372 

the simulations with an increased use of uneven-aged management across the landscape. Indeed, the scenarios where 373 

more than 50% of the biomass target was harvested with uneven-aged management (green to yellow curves) 374 

presented more than twice the density of forest roads in the landscape and up to three times the cost of road 375 

construction and repairs than scenarios where only even-aged management was used (purple curve). As the 376 

proportion of uneven-aged management increases above 50%, differences between management scenarios become 377 

marginal for both the road density and road costs (Figure 4a, b). This suggests a saturating effect in the increased use 378 

of uneven-aged management for these two variables. The level of aggregation of the cuts, on the other hand, only 379 

had a minor effect on the forest road network where higher aggregation slightly reduced road density (Figure 4c) 380 

and had almost no effect on road construction and repair costs (Figure 4d). However, the effect of aggregation on 381 

road density was more visible for scenarios with only even-aged management (not shown in Figure 4; see Appendix 382 

J). Lastly, the presence or absence of an initial road network only had noticeable effects on the road density and the 383 

cost of roads in the first 20 years of simulations, after which no significant differences were observed (Figure 4g, h). 384 

Amount of old forests and fragmentation level 385 

Following the first 70 years of the simulations, the quantity of old forest increased with an increase in uneven-386 

aged management (Figure 5a, c). In contrast, Clumpy was lower in scenarios with more uneven-aged management, 387 

indicating that the fragmentation per se of the landscape increased (Figure 5b, d).  We observed no strong effect of 388 

the aggregation level of cuts on the amount of old forests (Figure 5e, g). Moreover, an increase in aggregation level 389 

was associated with slightly higher values of Clumpy, indicating lower fragmentation in the southern region (Figure 390 

5g), but the effect of increased aggregation was almost non-existent in the northern region (Figure 5f). Note that the 391 

northern and southern regions of our study area were both subjected to a similar intensity of management, as the 392 

areas harvested in each of these forests in our different scenarios were almost identical (Appendix F). 393 
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Irrespective of the proportion of uneven-aged management and aggregation level, the amount of old forest 394 

increased rapidly after a 50-year time step period of stability. Then, it slightly decreases with time during the second 395 

half of the simulations, except for the 0% uneven-aged level in the north which showed a marked increase in the 396 

quantity of old forests, and the 50% uneven-aged level in the south which showed a steep decline (Figure 5a, c, e, g). 397 

Clumpy, on the other hand, showed a weaker contrast between scenarios. In the north, Clumpy decreased at the 398 

beginning of the simulation but increased afterwards with small differences between management scenarios (Figure 399 

5b, f). In the south, from 50 years of simulation and onwards, Clumpy exhibits a marked decrease for scenarios with 400 

more uneven-aged management, indicating an increase in fragmentation. However, no such difference in the value 401 

of Clumpy is seen for aggregation scenarios (Figure 5f).  402 

4. Discussion 403 

The goal of this study was to compare the long-term and large-scale effects of even- and uneven-aged forest 404 

management on the amount and fragmentation of old forests. We wanted to determine whether forest roads, 405 

necessary to access harvested areas, played an important role in differentiating the effects of these management 406 

approaches on forest landscapes. Our results provide important insights into the impact of different types of forest 407 

management, and their interaction with existing natural disturbances.  408 

4.1.The forest road network 409 

Results from our simulations clearly indicate that uneven-aged management as defined in our study (irregular 410 

shelterwood with a rotation of 30 years) increases the density of forest roads in the landscape (Figure 4a). This 411 

outcome was expected since uneven-aged management scenarios extend over a larger surface to harvest the same 412 

amount of wood biomass as even-aged management scenarios (Nolet et al. 2018) (see Appendix H). Consequently, 413 

more roads are needed to access vaster harvested areas. This tendency would have been even stronger had the FRS 414 

module been required to build forest roads lasting up to the next cycle of uneven-aged management cuts. 415 

In addition, smaller differences in road density and costs between scenarios with increasing uneven-aged 416 

management suggest a saturation effect where a larger ratio of uneven-aged management does not increase the 417 

density of roads anymore. We believe that this saturation effect occurs when the additional areas to be harvested 418 

under uneven-aged management become accessible through existing roads. In our study, this saturation threshold 419 

corresponds to a proportion of about 50% in the use of uneven-aged forest management. This threshold value 420 

probably varies according to the biomass target for the landscape, and the amount of available harvestable wood (not 421 

simulated). 422 

The increased costs of road construction and repair present a possible limitation for the use of uneven-aged 423 

management. In Quebec, where our study area is located, forest roads currently represent 10 to 18% of the 424 
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operational costs for the forest industries and the government (Groupe DDM and MFFP 2020). If these costs were to 425 

increase (i.e., by promoting the use of uneven-aged management), it is difficult to determine the economic 426 

consequences for the forest industry. The denser forest road network that results from using uneven-aged 427 

management increases the access to remote forest areas, which could be desirable for some stakeholders (e.g., 428 

hunters, trappers, residents, tourists, etc.) but not necessarily so for others (First Nations, conservation organizations, 429 

etc.) (Adam et al. 2012). The increased human presence might lead to negative impacts on the ecosystems 430 

surrounding the roads (e.g., increased fire risk, spread of invasive plants, disturbance of wildlife, etc.) (Kneeshaw 431 

and Gauthier 2006; Hunt et al. 2009; Adam et al. 2012). These potential landscape impacts of an increased road 432 

density reveal an important aspect of the land-sharing approach in forestry – represented by a prevalent use of 433 

uneven-aged methods – and should be taken into account when comparing the sparing and sharing approaches. 434 

However, increasing road density in the context of Reduced Impact Logging (RIL) in the Amazon was shown to 435 

increase species richness (Carvalho Jr et al. 2021). Hence, social and ecological context is essential to understanding 436 

the impact of forest roads.  437 

The aggregation of harvested areas decreased the density of roads in the landscape far less than what was 438 

expected and did not reduce the cost of road construction and repair (Figure 4c, d). In fact, the effect was 439 

undetectable at 50% uneven-aged management and remained minor even when harvesting was entirely done through 440 

even-aged management (see Appendix J). The limited effect of aggregation, especially under higher levels of 441 

uneven-aged management, can be explained by constraints on the available surface to be harvested. Indeed, when 442 

the surface to harvest is large compared to stand availability, cut zones become concentrated in the landscape 443 

regardless of the imposed aggregation level. As such, the density of roads in the landscape remains similar even 444 

under increased aggregation. Furthermore, aggregating the harvested areas concentrates the quantity of transported 445 

timber onto a smaller number of roads, which in turn requires that these roads be updated to a higher size category. 446 

The costs to update a few larger roads can be equivalent to those required to construct a higher number of smaller 447 

and less expensive roads, which could explain why aggregation does not reduce road costs. Our results might have 448 

been different if we had considered other factors such as the more frequent road repairs required with increased 449 

traffic of logging trucks, for example. 450 

These results suggest that it would be difficult to compensate for the increase in road density associated with 451 

uneven-aged management by simply increasing the aggregation of cuts. In addition, aggregation may not always be 452 

operationally possible. Indeed, extending the area of harvest over surrounding stands may be constrained by the lack 453 

of trees of the appropriate age or composition or the absence of forest. Local legislation may also limit the size of 454 

cuts, which is the case in Quebec since 2018 (Gouvernement du Québec 2018). As such, it seems unlikely that a 455 

high enough level of aggregation could be reached to offset the effects of a switch to more uneven-aged 456 

management. Still, aggregation might compensate for a smaller increase in uneven-aged management use if coupled 457 

with a strategic spatial distribution of cuts (Tittler et al. 2015). 458 
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Our results also indicate that the presence of an initial forest road network did not have a long-term influence on 459 

road density and cost (Figure 4e, f). Differences in these measures were eliminated over the first 50 years of 460 

simulations (a period which also corresponds to the life expectancy of the largest roads in our study). Without the 461 

process of road aging and deterioration, we expect that the initial road network would have had a more persistent 462 

impact on the landscape. Nevertheless, including forest road aging in our FRS module is a more realistic scenario 463 

reproducing the inevitable decay of roads due to erosion, forest regrowth or wear, after which roads are ultimately 464 

either repaired or abandoned (Gucinski 2001). 465 

Additionally, the timing at which the scenarios with and without an initial road network converge (around 30 466 

years) is determined by our calibration of the harvest module: new forest roads progressively spread in the landscape 467 

during the first five iterations of the simulation. Had we chosen a shorter or longer period for the expansion of new 468 

roads, the convergence of both networks would have occurred earlier or later during the planning horizon.  469 

4.2.Amount of old forests 470 

Our study shows that uneven-aged management, in the form of irregular shelterwood, can increase the quantity 471 

of older tree cohorts across the landscape. This can be an advantage over even-aged management in terms of 472 

conservation of old-growth attributes harbouring rare species (MacKinnon 1998; Mosseler et al. 2003), even though 473 

a much greater area needs to be harvested to achieve the same harvesting biomass. Indeed, the area harvested at each 474 

time step was about five times superior in scenarios using only uneven-aged management when compared with 475 

scenarios using only even-aged management (see Appendix H). Hence, certain uneven-aged management practices 476 

could be seen as promoting forest stands with more desirable attributes, from both an ecological and aesthetic 477 

perspective. However, these potential benefits of uneven-aged management may be limited by two factors. 478 

First, forests with old-growth attributes are reduced when a stand-replacing disturbance such as fire occurs in the 479 

landscape, as evidenced by the stark difference in the amounts of old forests in the north and the south regions due 480 

to the different fire regimes between these two ecoregions. In the northern region, the total area of burned forest at 481 

the end of a simulation was about ten times larger than in the southern region (Appendix H), reducing the 482 

accumulation of old forests over time in that region. This suggests that stand-replacing disturbances constrain the 483 

capacity of uneven-aged management to preserve more mature forests. Critically, in future climates where natural 484 

disturbances such as forest fires are expected to be more frequent and severe, the ability of uneven-aged 485 

management to maintain old forests may be weakened (Dale et al. 2001; Régnière et al. 2012; Seidl et al. 2017). 486 

Second, while uneven-aged management can be perceived as less impactful than even-aged management at the 487 

local scale, it remains a disturbance to forests. Indeed, through the periodic returns to harvested stands, impacts on 488 

soil, understory, and local fauna may accumulate over time (Nolet et al. 2018). Even if those impacts are reduced 489 

locally when compared to even-aged management (such as clearcutting), they extend across a larger surface in the 490 
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landscape. This echoes some elements of the debate regarding land-sparing and land-sharing strategies (Edwards et 491 

al. 2014).Hence, our study reveals some of the limits of using such an extensive land-sharing approach in a 492 

landscape to protect important ecosystem services. Yet, other arguments are present in the existing literature, 493 

advocating for the utility of both approaches (Edwards et al. 2014; Mori and Kitagawa 2014). Our results further 494 

reveal some interactions between even- and uneven-aged management. For instance, we observed a steep decline in 495 

the amount of old forest in the south of our study area, at the end of the simulation when the proportion of uneven-496 

aged management reached 50% (Figure 5c). This decline results from the even-aged harvesting of old forests that 497 

had been preserved by prior uneven-aged cuts. In scenarios with less uneven-aged management (i.e., 0% and 25%), 498 

this decline is compensated by the higher quantity of younger forests that are in the process of transitioning to old 499 

forests. These trends suggest that the effects of both even-aged and uneven-aged management on forest age could 500 

become more similar over time, had we simulated these interactions beyond 150 years. 501 

Our results also present artifacts resulting from both our definition of old forests and from our modelling choices. 502 

The first is represented by the sudden increase in the amount of old forests between 40 and 70 years of simulation 503 

especially in the south of our study area (Figure 5a, c) but also at 100 years of simulation in the north in scenarios 504 

with no uneven-aged management (Figure 5a). These increases are the result of many age cohorts of the landscape 505 

reaching the critical age of 91 years old from their initiation at the beginning of the simulation, or from earlier even-506 

aged cuts and burned forests. Had we chosen a different definition of old forest and modelled all the disturbances 507 

that historically affected the landscape (see section “Limitations” below), this increase might have happened at a 508 

different time, or not at all. Still, we do not expect that this departure from the initial conditions of the landscape had 509 

any effect on our results or our conclusions since our analysis compared relative differences between scenarios.  510 

4.3.Fragmentation of old forests 511 

Our results point to a complex trade-off between the amount and fragmentation of old forests in uneven-aged 512 

management. Indeed, in the south of our study area, the consistent decrease of Clumpy with time in scenarios using 513 

uneven-aged management seems to indicate that while the number of old pixels increases, their contiguity is 514 

generally not preserved because of the higher road density required in these scenarios (Figure 5b, d, f, h). However, 515 

it should be noted that even-aged management did fragment old forests across the landscape through roads, and also 516 

by creating patches of younger forest.Intermediate scenarios also reveal changing trends in the values of Clumpy in 517 

the south of the area until the end of the simulation. This suggests that interactions between even-aged and uneven-518 

aged cuts might have changed the results if the simulations had gone on for several decades. The potential effects of 519 

this trade-off are difficult to evaluate from an ecological perspective and will be highly dependent on how roads and 520 

younger forests actually impact species on the landscape. However, the presence of a stand-replacing disturbance 521 

seems to heavily influence this trade-off as this pattern almost disappears in the north of our study area characterized 522 

by much more frequent forest fires compared to the south. Therefore, the occurrence of stand-replacing disturbances 523 
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should also be considered when comparing the effect of even- and uneven-aged management on old forests (see 524 

section 4.4). 525 

Furthermore, the effect of fragmentation per se (i.e., differentiated from habitat loss) on biodiversity is currently 526 

a highly debated subject in the scientific literature, allowing for different interpretations of our results. Indeed, some 527 

authors argue that fragmentation has a generally neutral or even positive effect on biodiversity in the landscape 528 

(Fahrig 2017) while others defend the opposing view (Fletcher et al. 2018). Therefore, questioning the long-term, 529 

large-scale effects of uneven-aged management on biodiversity through its impact on habitat connectivity might 530 

provide different conclusions. For example, species such as the Pacific marten (Marten caurina) tend to select forest 531 

stands with a higher structural complexity to ease their movement in the landscape, avoiding “simpler” stands with 532 

characteristics resembling even-aged stands (Moriarty et al. 2015). Although uneven-aged management creates more 533 

numerous and dispersed smaller roads, even-aged management generates fewer but bigger roads, and may have less 534 

impact on the terrestrial fauna that tends to avoid these larger pathways (Tittler et al. 2012). As our study focused on 535 

structural connectivity at the landscape scale, we expect that pertinent information will come from future research 536 

exploring different management scenarios similar to this study but taking into account the effect on the functional 537 

connectivity of different species. Thus, differentiating the effect of even and uneven-aged management on 538 

biodiversity will require comprehensive functional connectivity analyses. 539 

Surprisingly, changing the aggregation levels of the cuts had little to no effect on the fragmentation of old forests 540 

as measured by Clumpy (Figure 5f, h). This result could be explained by the fact that aggregation only slightly 541 

reduces the density of forest roads in the landscape (Figure 4c), which is an important element of fragmentation 542 

captured by Clumpy. Moreover, Clumpy is sensitive to the presence of patches of young forests that are generated by 543 

even-aged management and the occurrence of fire, but these patches are absent under uneven-aged management. 544 

Therefore, Clumpy was relatively unaffected when areas harvested with uneven-aged management were aggregated, 545 

and when the aggregation of young forest patches created by even-aged management was weakened by forest fires, 546 

which vary in their location and extent. The effect of forest fires is discussed in more detail in the following section. 547 

4.4. Interactions with stand-replacing disturbances 548 

Two types of fragmentation of old forests were operating in our simulated landscape: fragmentation due to forest 549 

roads and due to patches of younger forests resulting from stand replacing disturbances. In our simulations, the 550 

former is increased using uneven-aged management which increases road density (Figure 6a) while the latter is 551 

increased using even-aged management which creates patches of regenerating forests after clearcutting (Figure 6b). 552 

Indeed, the fragmentation of old forests was stronger than anticipated under even-aged management because it 553 

compounded the two types of fragmentation: one as a result of harvesting and the other due to construction of forest 554 

roads. However, the fact that uneven-aged management was associated with higher levels of fragmentation in the 555 
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south of our study area indicates that roads had a bigger effect on Clumpy than the patches of young forest in this 556 

landscape. 557 

With these two fragmentation types present throughout the study area, the factor responsible for the difference 558 

observed in the values of Clumpy between the north and the south of our study area becomes clearly apparent 559 

(Figure5b, d), namely forest fires. In our simulations, the harvested surface was similar in both regions of our study 560 

area, but the total burned surface was almost 10 times superior in the north than in the south, increasing the area of 561 

young forests (see Appendix H). Consequently, our results suggest that fragmentation in the northern region is 562 

mainly driven by forest fires, as varying the proportions of uneven-aged management only slightly affected Clumpy 563 

(Figure 5b). On the other hand, the southern region, which is almost unaffected by forest fires, displays clear 564 

differences among uneven-aged management scenarios (Figure 5d).  565 

Therefore, our simulation results suggest that stand-replacing disturbances, such as forest fires, can reduce the 566 

differences observed between even- and uneven-aged management in terms of fragmentation and amount of old 567 

forests. This could be crucial in areas such as the boreal forest, where frequent forest fires would reduce the capacity 568 

of uneven-aged management to preserve more mature forests (see section 4.2). Nonetheless, this lower quantity of 569 

old forests in the north is expected no matter the type of harvesting used as the fire regime naturally leads to a lower 570 

proportion of old forests. Indeed, using the equations from Wagner (1978) and the fire zone characteristics of 571 

Boulanger et al. (2014), it is expected that the northern region of the area would contain 20% fewer forests older 572 

than 90 years than the southern region at a theoretical equilibrium induced by the fire regime of both regions. This 573 

20% difference is approximately what we observed in our results, when comparing the amount of old forests in the 574 

north and the south of the study area after about 60 years of simulation, for similar management scenarios (Figure 575 

5a, c). Consequently, the differences in the effect of land-sharing and land-sparing management approaches on the 576 

amount and fragmentation of old forests will heavily depend on the occurrence, extent and severity of natural 577 

disturbances.  578 

Our results also suggest that uneven-aged management in the boreal forest increases the fragmentation by forest 579 

roads in a landscape already fragmented by patches of younger forest (due to forest fires). In contrast, even-aged 580 

management could be seen as emulating a type of fragmentation already present in boreal forests (patches of 581 

younger forests), while reducing a second type of fragmentation not naturally present (forest roads). Nevertheless, 582 

forest roads created for uneven-aged management could facilitate access to recently burned forests for salvage 583 

logging and reforestation purposes (Cyr et al. 2022). In addition, even-aged management could bring an additional 584 

fragmentation to that already caused by forest roads in regions where stand-replacing disturbances are less present 585 

(Guldin 1996). This distinction of where best to use even-aged or uneven-aged management touches on one of the 586 

key concepts of ecosystem-based management: sustainability of forests can be achieved under management methods 587 

able to reproduce their natural disturbance regime (Bergeron et al. 2002; Harvey et al. 2002; Gauthier and 588 
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Vaillancourt 2008). Furthermore, the large surfaces of forest and the dense road network needed for uneven-aged 589 

management could also present an advantage in the context of global changes. Indeed, the uneven-aged harvested 590 

forests could be managed in a way that helps them transition more rapidly to a different state of structure and 591 

composition that would make forests more resistant and resilient to the new conditions created by global changes 592 

(Messier et al. 2019). 593 

While both the fragmentation due to roads and to patches of younger forest are operating simultaneously, their 594 

effects are not equivalent. Indeed, forest roads are associated with diverse management and ecological issues, such 595 

as the spread of invasive species (Mortensen et al. 2009; Meunier and Lavoie 2012), collisions with fauna (Lugo and 596 

Gucinski 2000), increased presence of humans (Gucinski 2001), and corridors or barriers to animal movement that 597 

can disturb their population dynamics (Marsh et al. 2005; Whittington et al. 2011). It has also been suggested that 598 

roads create up to twice the amount of habitat edges than clearcutting does (Reed et al. 1996). Moreover, forest road 599 

usage is increased under uneven-aged management since it requires periodic re-entry into stands and a larger surface 600 

to harvest (Nolet et al. 2018), causing an increase in the transit of forestry vehicles which in turn intensifies 601 

disturbances on fauna and flora, and emits additional greenhouse gases. Forest roads also represent a constant loss of 602 

productive forest surface over time, contrary to young forests, as shown by Figure 4a where up to 12% of the cells of 603 

our landscape are continuously occupied by forest roads after the first 50 years of simulation. Although individual 604 

forest roads deteriorate over time, if forest management is maintained, other roads will be reconstructed elsewhere. 605 

For their part, young forests generated by even-aged management will eventually grow into mature forests. 606 

However, if stand-replacing harvesting is maintained across the landscape, old forests will be reduced. Moreover, 607 

forest regeneration must be ensured following even-aged cuts by the proximity of mature trees and seed banks, the 608 

planting of saplings, or the protection of the youngest cohorts during harvesting. If these three elements are missing, 609 

which might be the case in some contexts, then forest regeneration will be compromised, leading to long-lasting 610 

habitat loss (Timoney and Peterson 1996). 611 

4.5. Limitations 612 

Our modelling approach presents some limitations worth mentioning. First, our results are highly dependent on 613 

the way we define old forests. We followed the definition of old forest used by the MRNF: a forest containing at 614 

least one age cohort older than 91 years (MFFP du Québec 2016). Yet this definition does not fully capture the 615 

concept of old-growth forest often used when discussing the conservation value of older forests, which is both 616 

complex and context-dependent (Hilbert and Wiensczyk 2007; Wirth et al. 2009). An “old-growth forest” 617 

(McMullin and Wiersma 2019) can refer to a certain forest structure (e.g., old and large trees, logs and snags or a 618 

wide distribution of tree size), specific successional processes (e.g., climax forest or steady-state condition), or even 619 

certain biogeochemical processes (e.g., decay of snags and logs or nutrient retention) (Wirth et al. 2009). Moreover, 620 

an old-growth forest in a boreal biome can be much younger than what would be considered an old forest in other 621 
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biomes, e.g., a tropical biome. In addition, the definition of old forest that we used does not distinguish between an 622 

“untouched” old forest that has not been harvested or disturbed for a long time (i.e., an old-growth forest) and a 623 

forest harvested by uneven-aged management, but that still presents some relatively old cohorts (i.e., a forest with 624 

old trees). Therefore, we expect that uneven-aged management would have fared worse regarding the fragmentation 625 

of “untouched” old forests. This could be important for species that are sensitive to the quality rather than the 626 

quantity of available old forests (e.g., Regolin et al. 2021).  Lastly, while we did not measure the diversity in forest 627 

age classes across the landscape, it can be argued that the quantity of old forests can capture this structural 628 

heterogeneity. Indeed, old forests tend to contain more age classes even if originally disturbed by a stand replacing 629 

disturbance such as a severe forest fire or even-aged cut (Bergeron 2004; Martin et al. 2022). 630 

A second limitation comes from the geographical context of our study area. The Mauricie region is characterized 631 

by vast expanses of mixed and boreal forests located far away from the main road network or any community. In 632 

more densely populated regions where the permanent road network is closer to harvested areas, we expect that 633 

increasing the use of uneven-aged management would not necessarily lead to an increase in forest road density. In 634 

addition, had we simulated epidemics of spruce budworm, we would likely have observed a less important 635 

difference in the proportion of old forests between the southern and northern regions. This significant agent of 636 

disturbance affects mature fir-spruce stands in the south of our study region but does so less frequently in the north 637 

where the growing season is too short for completing their life cycle (Régnière et al. 2012). Tree mortality due to 638 

repeated years of spruce-budworm defoliation contributes to the rejuvenation of old stands. 639 

A third limitation is that our results may be sensitive to the particularities of the forestry methods that we 640 

simulated, which are based on the common harvesting prescriptions in Quebec. As such, our results may not be 641 

generalized to different combinations of harvesting methods used in other countries. In addition, the harvesting stand 642 

prescriptions that we simulated with LANDIS-II are quite simple and broad in their application. This is because 643 

LANDIS-II currently does not allow prescriptions based on a complex assignment of stands including, for example, 644 

species, age structure,  or soil conditions. As such, further studies might be needed to explore the nuances that might 645 

result from more complex prescriptions assignments.  646 

Fourthly, we did not include the effect of a changing climate in our simulations, even if their effects on forest 647 

regeneration, precipitation, and fire regimes are expected to take place on a 150 year horizon. Indeed, in Quebec, 648 

climate change is predicted to increase the frequency of forest fires and affect the growth of many tree species 649 

(Boulanger et al. 2023). To better distinguish and interpret differences resulting from different management 650 

strategies, and to reduce the computational load of the simulations, we opted not to consider the impact of climate 651 

change.  But as highlighted previously, more frequent fires might reduce the differences in fragmentation and 652 

quantity of old forest observed in our study between even-aged and uneven-aged management scenarios. 653 
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Additionally, changes in species growth might require different harvesting prescriptions to facilitate the regeneration 654 

of species more impacted by climate change in the future. 655 

Finally, it is important to recall that the density of forest roads (Dr) reported here corresponds to the proportion 656 

of cells in the landscape that contain a road. Because the actual surface occupied by a road is smaller than the spatial 657 

resolution of the model (1 ha), the road density variable certainly overestimates the density of forest area 658 

transformed into roads. Thus, while forest roads were present in up to 12% of the cells of our simulated landscape 659 

(Figure 4a), they did not occupy 12% of the surface of the landscape. 660 

5. Conclusion 661 

Our simulation study demonstrates that a land-sharing strategy in forestry, characterized by a prevalence of 662 

uneven-aged management methods,can increase the density of roads, the level of fragmentation, the cost of road 663 

construction and repair, and the amount of forests with old-growth attributes in the landscape. It also suggests that 664 

fragmentation could be slightly lowered by aggregating harvested areas. The presence of an initial road network did 665 

not alter fragmentation in the long term. Thus, our study shows that despite the potential benefits of uneven-aged 666 

management for conservation at the stand level, it can contribute to additional landscape fragmentation when 667 

compared to even-aged methods. This finding, along with the additional costs associated with the construction of a 668 

more extensive road network, needs to be considered when balancing objectives through strategic forest 669 

management planning. 670 

Our results also imply that choosing between even- and uneven-aged management involves a trade-off between 671 

the proportion of old forests in the landscape and their level of fragmentation. However, the consequences of this 672 

trade-off are closely linked to the specific even- and uneven-aged methods employed, the definitions used for 673 

fragmentation and habitat, the patterns of fragmentation resulting from natural disturbances, and the perceived 674 

effects of fragmentation on the landscape. Overall, our study indicates that uneven-aged management at the 675 

landscape scale, which can be considered as a land-sparing strategy, is not necessarily better than even-aged 676 

management, a land-sparing strategy, for conserving forest ecosystems. Hence, our study emphasizes the notion that 677 

over large spatiotemporal scales, no single forest management strategy is both economically and ecologically 678 

“better” than another (Puettmann et al. 2009; Nolet et al. 2018). 679 

While neither even-aged nor uneven-aged management is without flaws, we anticipate that a mix of these two 680 

methods, implemented in the right place, could present the best compromise. Indeed, management scenarios that 681 

combined both methods presented intermediate values in all the measured variables, suggesting that their use could 682 

be fine-tuned to obtain the desired compromise between the conservation of certain forest habitats, and the 683 

construction of forest roads to maintain timber production. To further optimize such fine-tuning, management plans 684 
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that strategically position areas harvested with uneven-aged management could reduce landscape fragmentation. For 685 

example, clustering areas managed near existing roads or organizing the landscape into zones of different harvesting 686 

intensities (as in the TRIAD approach) could reduce the need for additional roads when harvesting larger surfaces, 687 

thereby facilitating connectivity between sensitive or important habitats (Messier et al. 2009; Tittler et al. 2012). 688 
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11. Figures 711 

 712 

 713 

Figure 1 Map of study area (brick colour in the centre) and simulated area (gold) in Mauricie (Quebec, 714 

Canada). The northern part is located in the boreal coniferous forest whereas the southern part is located 715 

in the temperate mixed wood forest. 716 
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 717 

Figure 2 Three maps showing the same section of simulated landscape in the centre of our study area: a) 718 

Landscape features; b) Construction costs – computed by the FRS module based on topography, soils, 719 

water bodies, streams and existing roads; and c) Simulated network of roads after 150 years of 720 

simulations. In c), isolated road segments correspond to remains from old deteriorating roads. 721 

 722 

Figure 3 Diagrams showing the evolution of the forest road network simulated by the FRS module. Road 723 

pixels are coloured according to their size category. (1) Input data is read by the module;  (2) the roads 724 
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that are not connected to an exit point (brown pixels; e.g., paved roads, sawmills, etc.) are detected and 725 

linked to the rest of the network in the initialization phase; (3 and 4) at each time step, the FRS module 726 

generates forest roads connecting the harvested areas to the rest of the network using the Dijkstra 727 

algorithm. Roads can form loops in the network, as shown in (3), where two roads connect the harvested 728 

area on the right. Additionally, the size category of a road may change with an increase in wood flux 729 

where two tertiary roads merge into a secondary road (4). Road aging is also simulated where two 730 

segments of secondary roads disappear from the network (4). 731 

 732 

Figure 4 Time dynamics of the road density (Dr; top panel) and the costs of road construction and repair 733 

(Cr; bottom panel) for each factor: percentage of the biomass target harvested using uneven-aged 734 

management (a, b), aggregation level of harvested areas (c, d), and presence of an initial forest road 735 

network (e, f). Each factor (management, aggregation, initial network) is varied while keeping the other 736 

factors at their intermediate value. Curves correspond to the average of 5 simulation runs, and shaded 737 

areas correspond to the standard deviation across runs. 738 

 739 
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Figure 5 Effects of forest management and fire on the fragmentation of old forests measured by the 740 

amount of old forests (top panel, a, c, e, g) and the clumpiness index, Clumpy (bottom panel, b, d, f, h). 741 

The two columns on the left vary the proportion of uneven-aged management used for the northern region 742 

(1st column) and the southern region (2nd column) of our study area. The two columns on the right vary 743 

the aggregation level of cuts for the northern (3rd column) and southern (4th column) regions. Each factor 744 

(management, aggregation) is varied while keeping the other factors at their intermediate value. Curves 745 

correspond to the average of 5 simulation runs, and shaded areas correspond to the standard deviation 746 

across runs. 747 
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 748 

Figure 6 A section of our simulated landscape at t = 100 years during a simulation where a) only uneven-749 

aged management is used, and b) only even-aged management is used. Young forests are defined as 750 

pixels with trees no older than 15 years; mature forests are pixels whose oldest trees range between 15 751 

and 91 years of age; old forests are pixels comprising trees older than 91 years. It clearly appears that the 752 

fragmentation of old forests is associated with the extent of the road network under uneven-aged 753 

management (a) while it is also associated with the distribution of patches of younger forests under even-754 

aged management (b). 755 

 756 

12. Tables 757 

 758 

Prescription 
% biomass 
harvested 

First harvest Second harvest 

Even-aged  
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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 

 759 

Table 1 Summary of the harvest prescriptions used in the simulated landscape. 760 

Factor 

% of biomass target 
harvested with 
uneven-aged 
management 

Aggregation of 
harvest cuts 

Presence of an initial 
road network 

Levels of factor 

0% Low 

Maximum size of cuts is 
half of the historical 

maximum 

Yes 

All roads from the 
AQReseau + database are 

initially present 

25% 

50% Historical maximum 

75% High 

Maximum size of the 
cuts is twice the 

historical maximum 

No 

Only the main, paved 
roads are initially present 100% 

 761 

Table 2 Summary of the variations of the three factors used to create scenarios. Each of the 30 scenarios 762 

corresponded to a unique combination of the three factors. 763 
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