
Developing a prototype decision support
framework to assess forest management

scenarios as a nature-based
decarbonization solution for the mining

sector: A case study in British
Columbia, Canada

Elaheh Ghasemi, Kathleen Coupland, Salar Ghotb, and Gregory
Paradis

Faculty of Forestry, University of British Columbia, Canada
Corresponding author: gregory.paradis@ubc.ca

ORCID: https://orcid.org/0000-0001-9618-8797

EarthArXiv Preprint Status

This manuscript is a non-peer-reviewed preprint uploaded to EarthArXiv.
The work has been submitted to Cleaner Environmental Systems for peer

review.
Subsequent versions may differ. If accepted, the peer-reviewed version will

be available from the journal.

https://orcid.org/0000-0001-9618-8797


Preprint DOI (reserved): to be assigned upon EarthArXiv submission

Date: October 14, 2025

Licensing: Authors intend to distribute this preprint under the Creative
Commons Attribution 4.0 International (CC BY 4.0) license.

2



Graphical Abstract

Developing a prototype decision support framework to assess forest management scenarios as a nature-based 
decarbonization solution for the mining sector: A case study in British Columbia, Canada

Open Data Input

We use publicly available input 
data, and fully reproducible data 
processing and modelling open 
pipeline.

Open Code DSS Scenarios and Tradeoffs

Interactive exploration of tradeoffs 
between economic, environmental, 
and social indicators across scenarios.

Prototype DSS framework to assess 
decarbonization opportunities from 
forest management near mining sites.

CO2

Mining Sector Decarbonization

Explore emissions reduction potential from new 
mining sector investments in nature-based 
decarbonization projects targeting local forest 
ecosystems and forest-dependent communities 
around mine sites.

Ghasemi, E., Ghotb, S., Coupland, K., Paradis, G. (2025). 
Developing a prototype decision support framework to assess 
forest management scenarios as a nature-based decarbonization 
solution for the mining sector: A case study in British Columbia, 
Canada. EarthArXiv DOI 10.31223/X55R1X

Forest Resources and 
Ecosystem Services Hub 
fresh.forestry.ubc.ca



Highlights

• Prototype DSS framework for forest management near mining sites

• Uses public geospatial and inventory data for harvest and carbon

• Compares objectives: max volume, min area, max carbon, min net

• Explores trade-offs across environmental, economic, and social

• Supports decarbonization planning; explores emissions reduction



Developing a prototype decision support framework to
assess forest management scenarios as a nature-based
decarbonization solution for the mining sector: A case

study in British Columbia, Canada

Elaheh Ghasemi, Kathleen Coupland, Salar Ghotb, Gregory Paradis∗

University of British Columbia, Faculty of Forestry, Vancouver, V6T 1Z4, British
Columbia, Canada

Abstract

This study, realized in partnership with a leading global gold producer, ex-
plores how forest management nature-based solutions (NbS) can be inte-
grated into decarbonization strategies to achieve carbon neutrality by 2050.
NbS, including carbon sequestration in forests, are expected to play an im-
portant role in meeting decarbonization commitments in the mining sector.
Our primary contribution is a prototype open-source decision support sys-
tem (DSS) framework for modeling forest management scenarios using pub-
licly available data and reproducible workflows. We demonstrate the frame-
work on three distinct mining sites in British Columbia (BC), Canada, using
geospatial data, forest inventory, and landscape-level models.

The prototype compares a business-as-usual scenario with alternative har-
vesting scenarios to examine objectives such as maximizing harvest volume,
minimizing harvested area, maximizing ecosystem carbon stocks, and min-
imizing net emissions. Key performance indicators (KPIs) are tracked to
evaluate environmental, economic, and social aspects. The case study serves
to illustrate that both the method and code implementation adapt readily
to sites with different forest dynamics. While the current notebook-based
interface is limited in usability, it supports a fully open, transparent, and
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reproducible analysis pipeline. We argue that further development of this
approach is warranted to improve usability while retaining transparency and
auditability.

The study does not prescribe specific harvesting strategies; rather, the
findings illustrate how forest management objectives influence outcomes across
KPIs. Scenarios prioritizing higher harvest volumes yield greater economic
and social benefits but often coincide with trade-offs in environmental indi-
cators. Conversely, restricting harvesting can improve environmental indi-
cators. While not production-ready, the prototype demonstrates promising
attributes for nature-based decarbonization analyses and suggests a direction
for further development and evaluation.

Keywords: Decision support framework, Nature-based decarbonization,
Forest management, Mining sector, Carbon accounting, Prototype

1. Introduction1

Climate change affects communities through changing weather patterns,2

causing frequent and severe natural disasters such as floods, hurricanes, and3

wildfires. Anthropogenic activities, identified as the main driver of climate4

change [1], coupled with the rapid pace of urbanization and industrialization,5

have accelerated greenhouse gas (GHG) emissions, primarily carbon dioxide6

(CO2) [2]. In 2015, the Paris Agreement established global GHG targets,7

with the goal of limiting the increase in the average global temperature to8

less than 2°C above pre-industrial levels by 2050 [3]. Despite this, it is un-9

likely most that countries can meet goals of Paris Agreement [4], making10

immediate decarbonization actions important [5]. Hard-to-abate industries11

such as mining, oil and gas contribute substantially to GHG emissions, ac-12

counting for almost 40% of global CO2 emissions [6].13

The mining sector independently contributes approximately 2%–3% of14

total global emissions [7]. Mining operations contribute to GHG emissions15

due to their reliance on diesel-powered equipment [8] however, the mining is16

essential to supplying raw materials needed for energy, communication and17

transportation. In addition, the growing adoption of green technologies, such18

as electric vehicles and renewable energy, is expected to further increase the19

demand for mineral resources [9, 10].20

In light of the global transition toward decarbonization and net-zero emis-21

sions, the mining sector is under pressure to align with Paris Agreement tar-22

2



gets. Many leading mining companies have committed to achieving net-zero23

emissions by 2050, or sooner [11]. However, achieving these targets will re-24

quire transformative changes in current and future operations. Figueiredo25

et al. [8] proposes that decarbonizing the mining sector over the next three26

decades will necessitate a fundamental shift in energy use, replacing fossil fu-27

els with clean electricity and renewable energy sources. Although exploration28

of electrification solutions and the integration of renewable energy technolo-29

gies is essential, especially in large-scale surface mining operations, there are30

challenges associated with these transitions [12]. Although there are potential31

opportunities for adopting renewable energy there are also significant barri-32

ers, including high upfront costs and infrastructure limitations [12]. Rumsa33

et al. [13] reviewed global iron and steel decarbonization roadmaps and found34

that while near-zero emissions are theoretically achievable by 2050, the sector35

may fall short of net-zero targets by around 10% due to barriers like limited36

resources, insufficient investment in new technologies, and gaps in policy37

frameworks. Of importance for this research is that these roadmaps focus38

narrowly on technological solutions while overlooking nature-based solutions39

(NbS).40

Carbon capture and storage (CCS) technologies, work alongside natu-41

ral carbon sinks, such as forests, oceans, and soils, which naturally sequester42

and store carbon emissions from the atmosphere. Rehabilitating mining sites43

using NbS such as reforestation and soil restoration enhances the capacity44

of natural carbon sinks. Fox et al. [14] explored the potential of reforesta-45

tion as a carbon sequestration strategy on the legacy surface of coal mining46

sites in southern Appalachia, USA. Their research quantified carbon storage47

in reforested areas, revealing that reforestation could sequester significantly48

more carbon than other strategies, offering substantial carbon offset benefits.49

Similarly, Nguyen et al. [15] reviewed studies investigating the potential of50

biochar to address the issue of contaminated mining soils, highlighting its51

role in soil remediation and ecosystem recovery.52

NbS offer a complementary pathway to support the mining industry’s53

decarbonization efforts, providing long-term environmental and social bene-54

fits while contributing to postive global climate action. Griscom et al. [16]55

highlight the critical role of land stewardship in achieving the Paris Agree-56

ment’s climate goals. Their research identifies and quantifies a variety of NbS57

strategies that enhance carbon storage and reduce emissions across forests,58

wetlands, grasslands, and agricultural lands. By investing in carbon offset59

projects, such as alternative sustainable forest management approaches, re-60
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forestation, and ecosystem restoration, mining companies can address resid-61

ual emissions that cannot be eliminated through technological means alone.62

The concept of NbS emerged as an innovative approach for managing natural63

systems while balancing benefits for both nature and society [17]. NbS en-64

compass actions that protect, sustainably manage, and restore natural and65

modified ecosystems to address critical societal challenges, ultimately bene-66

fiting biodiversity and human well-being. These solutions play a crucial role67

in mitigating GHG emissions, particularly from the agriculture, forestry, and68

land-use sectors, which account for approximately 22% of annual global emis-69

sions. Recognizing their potential, the scientific community has increasingly70

acknowledged NbS as an effective climate strategy. The recently approved71

Sixth Assessment Report by the Intergovernmental Panel on Climate Change72

(IPCC) affirms that well-implemented NbS “reduce a range of climate change73

risks to people, biodiversity, and ecosystem services with multiple co-benefits”74

[18]. Despite this recognition, NbS remain underutilized in addressing global75

challenges, including climate change and biodiversity loss [19]. Several stud-76

ies have explored the applications and effectiveness of NbS across different77

sectors. Ptichnikov and Shvarts [20] investigated the role of forests in GHG78

absorption and decarbonization in Russia, while Hisano et al. [21] highlighted79

the ecological potential of plant diversity as an NbS strategy for long-term80

climate resilience in Canada. In urban environments, Kabisch et al. [22] ex-81

plored NbS applications in green and blue infrastructure to mitigate climate-82

induced impacts, whereas Rey et al. [23] emphasized NbS effectiveness in83

reducing natural disaster risks, while preserving biodiversity. Additionally,84

Drever et al. [24] examined Canada’s recent investments in NbS, underscoring85

their role in addressing both climate change and biodiversity conservation.86

While previous studies have focused on the societal and ecological out-87

comes of NbS, few have specifically examined NbS from an industry specific88

perspective. Research in this area could provide valuable insights into how89

industries can utilize NbS as a method to align with policies on carbon offset90

and identify investment opportunities in the carbon market.91

Sustainable forest management (SFM) is widely recognized as an effec-92

tive NbS for addressing environmental challenges. Forest ecosystems provide93

critical services, including biodiversity, air and water purification, carbon se-94

questration, and timber production [25]. Given the increasing demand for95

forest products, as well as rising concerns over GHG emissions, forest man-96

agers are interested in integrating carbon sequestration and storage into SFM97

[26]. The role of SFM in climate change mitigation is multifactorial, as it98
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can enhance carbon storage and sequestration while maintaining ecosystem99

resilience and biodiversity [27].100

Forest management strategies vary widely, ranging from passive approaches,101

where forests are left to develop naturally, to intensive approaches, like plan-102

tations and agroforestry [28]. Smyth et al. [29] evaluated the climate change103

mitigation potential of managed forest sector in Canada from 2015 to 2050104

by analyzing various forest management and wood-use strategies. However,105

Valipour et al. [25], based on modeling of a northern hardwood forest ecosys-106

tem in the USA, demonstrated that intensive forest harvesting can negatively107

impact long-term forest sustainability. SFM aims to balance ecological, eco-108

nomic and social objectives between generations [30]. Forest management109

activities, along with the intensity of those activities, can affect the amount110

of carbon storage at various times throughout the forest life cycle, with young111

forests offering a high carbon capture capacity and mature forests serving as112

long-term carbon storage [31]. Beyond carbon sequestration (i.e., the capture113

and storage of carbon), SFM also contributes to decarbonization by promot-114

ing harvested wood products (HWPs) that replace carbon-intensive materials115

[32]. However, trade-offs exist between maximizing timber production and116

optimizing carbon storage, requiring careful decision-making to balance envi-117

ronmental and economic outcomes. In addition, forest management plays a118

crucial role in supporting employment and rural economies, with job oppor-119

tunities often linked to management intensity and the volume of harvested120

wood [33, 34].121

Integrating SFM into areas surrounding mining operations presents an122

opportunity to enhance carbon sequestration and storage while supporting123

broader sustainability and economic objectives. By incorporating NbS into124

land-use planning, forest management can contribute to reducing the mining125

sector’s carbon footprint and aligning with long-term net-zero emission tar-126

gets [35]. However, a critical challenge lies in ensuring that NbS carbon credit127

projects generate verifiable carbon benefits while avoiding unintended eco-128

logical consequences, such as biodiversity loss. This study aims to contribute129

to these issues by developing and presenting a prototype open-source DSS130

framework to help assess such risks. The prototype is designed to improve131

transparency and reproducibility in evaluating forest management strategies132

and their carbon implications. Unlike many existing carbon accounting mod-133

els, the framework leverages publicly available data to support openness and134

replicability.135

Several complexities arise in this endeavor. Modeling forest inventory at136
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scale is computationally demanding due to the large spatial areas, long time-137

frames and projections, vast data volumes, and multiple forest management138

objectives. Furthermore, integrating the forest supply chain, from forest139

growth to HWPs, adds another layer of complexity, particularly when ac-140

counting for the displacement impacts of wood products on emissions. In this141

study, we connected a forest estate model with a carbon accounting frame-142

work to calculate the carbon impacts of various forest management scenar-143

ios. Beyond measuring carbon stocks and net emissions, we also evaluate key144

performance indicators (KPI) such as tree species composition, old-growth145

forest area, and socio-economic impacts. To our knowledge, few studies have146

comprehensively assessed forest management scenarios on forest lands sur-147

rounding a mining site while jointly considering environmental, economic,148

and social indicators. We contribute a case study that addresses the follow-149

ing key questions:150

• How can different forest management scenarios support broader decar-151

bonization efforts in the mining sector?152

• What are the environmental, social, and economic impacts of different153

forest management scenarios?154

The remainder of this paper is structured as follows. Section 2 describes155

the methodological approach adopted in this study. Section 3 outlines the156

case study. Section 4 presents the results, followed by a discussion in Section157

5. Finally, Section 6 offers concluding remarks.158

2. Methods159

2.1. Overview160

The main objective of this study is to develop and present a prototype161

DSS framework that compares business-as-usual and alternative forest man-162

agement scenarios in areas around mining sites while considering environmen-163

tal, social, and economic impacts. In the prototype, we integrate the Wood164

Supply Simulation System (ws3) to simulate forest growth and forest manage-165

ment activities [36] and libCBM [37] to estimate long-term carbon stocks and166

flows in forest ecosystems. ws3 is an open-source forest estate model devel-167

oped as a Python software package. It is designed to support SFM planning168

in the context of forest resource analysis. libCBM is an open-source version169

of the Carbon Budget Model of the Canadian Forest Sector (CBM-CFS3)170
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[38], a carbon accounting model developed by the Canadian Forest Service171

for forested ecosystems. It calculates carbon stocks and changes over time.172

To model the carbon dynamics of HWP, the prototype framework incorpo-173

rates two main processes: simulating the decay of multiple product pools and174

accounting for HWP substitution effects. Our primary goal is the framework175

itself; the three-site case study functions as a demonstration of adaptability176

across sites with distinct forest ecosystem dynamics rather than an attempt177

to generalize outcomes.178

The prototype framework automates key parts of the modeling process179

by pushing a pair of scenarios (business-as-usual and alternative) through180

the simulation and optimization pipeline, comparing their outputs across181

objectives including maximizing harvest volume, minimizing harvest area,182

maximizing carbon stocks, and minimizing net carbon emissions. Key forest183

management planning outputs reported include harvested area (ha), har-184

vested volume (m³), and growing stock (m³). Moreover, the framework re-185

ports environmental, social, and economic indicators for each scenario over186

a customizable simulation horizon. For environmental indicators, it tracks187

total ecosystem carbon stock (ton), total system net emissions (tCO2e), tree188

species diversity (Shannon Evenness Index), and old-growth forest area (ha).189

Under economic factors, it evaluates revenue generated from harvested wood190

($). Lastly, for social indicators, it assesses the number of jobs created under191

each strategy. Figure 1 illustrates the process of preparing the data and exe-192

cuting the model. In line with our motivation, the analysis below is presented193

as a proof-of-concept to demonstrate framework behavior and adaptability,194

not to prescribe policies.195
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Figure 1: Overview of the data preparation and model execution process.

Design principles. The prototype emphasizes openness, reproducibility,196

transparency, and auditability. It uses public datasets, plain-text config-197

uration, and version-controlled notebooks/scripts to provide an observable198

pipeline suitable for independent verification and reuse.199

2.2. Modeling framework200

In this section, we describe the modelling framework (base mathematical201

model and various objective function formulations).202

2.2.1. Mathematical model203

The prototype can simulate forest growth and different forest manage-204

ment activities (e.g., harvesting) at the landscape level for long-term hori-205

zons. To support planning experiments, a linear programming model adapted206

from Paradis [36] is employed to optimize harvest scheduling decisions con-207

sidering initial forest inventory and forest growth and yield curves to achieve208

certain objectives while satisfying a set of defined constraints. The proposed209

model has several notations, input parameters, and variables shown in Table210

1.211

8



Table 1: Notations of the model
Notations Description
Sets
Z Set of spatial zones i ∈ Z
K Set of available prescriptions k ∈ K
J Set of forest outputs, j ∈ {1 : area, 2 : volume}
T Set of time periods in the planning horizon
Parameters
cij Objective function contribution of prescription j ∈ Ji in

zone i ∈ Z
βj Admissible level of variation on yield of targeted output

j ∈ J
αikjt Quantity of output j ∈ J produced in period t ∈ T by

prescription k ∈ K in zone i ∈ Z
ljt Lower bound on yield of output j ∈ J in period t ∈ T
ujt Upper bound on yield of output j ∈ J in period t ∈ T
yj targeted sustainable yield of output j ∈ J
gl Lower bound on the volume growth at the end of the

planning horizon
Variables
Ijt Inventory quantity of output j ∈ J in period t ∈ T
Gjt Growth amount of output j ∈ J in period t ∈ T
xik Proportion of zone i ∈ Z on which prescription k ∈ K

is applied
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The mathematical formulation of the proposed model is as follows:212

max
∑
i∈Z

∑
k∈K

cijxik (1)

s.t.
∑
k∈K

xik = 1, ∀i ∈ Z (2)

yj(1− βj) ≤
∑
i∈Z

∑
k∈K

αikjtxik ≤ yj(1 + βj), ∀j ∈ J, t ∈ T (3)

ljt ≤
∑
i∈Z

∑
k∈K

αikjtxik ≤ ujt, ∀j ∈ J, t ∈ T (4)

I2t = I2(t−1) +Gjt −
∑
i∈Z

∑
k∈K

αik2txik, ∀t ∈ T (5)

I2T ≥ gl (6)
0 ≤ xik ≤ 1, ∀i ∈ Z, k ∈ K (7)

Objective function (1) maximizes the desired objective considering the ap-213

plied prescriptions. Depending on the problem, different objectives can be214

defined that will be discussed in Section 2.2.2 Constraint sets (2) imply that215

total the proportion of prescriptions on each zone should be one. It is note-216

worthy that doing nothing is a valid prescription along with other prescrip-217

tions such as harvesting. Constraint sets (3) are even flow constraints, ensur-218

ing consistent target outputs (i.e., harvest volumes and areas). Constraint219

sets (4) impose upper bound and lower bounds on periodic yields. Constraint220

sets (5) determine volume inventory for each period including new growth221

and harvested volume. A lower bound for the volume inventory in the last222

period is imposed by the constraint set (6). Finally, the domain of decision223

variables is determined by the constraint sets (7).224

2.2.2. Objective functions225

It should be noted that the model is generic and the objective function226

can be to maximize harvest volume, minimize harvest area, maximize carbon227

stock, or minimize net emissions.228

Maximize harvest volume. This objective aims to maximize the total har-229

vested volume where the volume of harvested wood is obtained using timber230

yield curves. Objective function (8) aims to maximize the total harvest vol-231
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ume over the planning horizon.232

max
∑
i∈Z

∑
k∈K

∑
t∈T

αik2txik (8)

Maximize carbon stock. Objective function (9) tries to maximize amount233

of carbon stock in the ecosystem, i.e., forest inventory, and HWP. To get the234

ecosystem carbon stock, carbon curves are generated by libCBM [37] to track235

biomass and DOM carbon pools. Biomass pools are referred to those carbon236

stored in living components including roots and merchantable volumes while237

Dead Organic Matter (DOM) pools include carbon stocks in woody debris238

and litter [38]. HWPs are important carbon stocks [39], and their half lives239

are used as a reliable measure to determine carbon storage [40]. Eqs. (9)240

and (10) are used to determine the periodic and total carbon stock over the241

planning horizon, respectively.242

max Se +
∑
p∈P

∑
t∈T

Spt (9)

Spt =

((
1− ln 2

tp1/2

)
Sp(t−1) +

∑
i∈Z

∑
k∈K

αik2txik · w · n

)
(10)

where:243

w := wood density,
n := carbon content,
P := Set of HWP p ∈ P,

Se := carbon retained in the ecosystem,

Spt := carbon stock in HWP p in period t,

tp1/2 := half-life of the HWP p ∈ P.

Minimize net emissions. Objective function (11) minimizes total emis-244

sions considering ecosystem emissions, HWPs decay and displacement ef-245

fects. The ecosystem emissions are obtained from libCBM [37] while emis-246

sions from decaying HWPs are calculated using their half lives. Additionally,247

these HWPs have displacement effects, avoiding emissions by replacing other248
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GHG-intensive products [39]. Periodic and total carbon emissions over the249

planning horizons are calculated using Eqs. (12) and (13) respectively.250

min Ee +
∑
p∈P

∑
t∈T

Ept −
∑
d∈D

∑
t∈T

Edt (11)

251

Ept =

(
(1− ln2

tp1/2
)×

∑
i∈Z

∑
k∈K

αik2txik × mp × w

×n × 44

12

)
(12)

252

Edt =

(∑
i∈Z

∑
k∈K

∑
p∈P

αik2txik × mp × rpd ×

(
1− ln 2

tp1/2

)

×f × w × n × 44

12

)
(13)

where:253

D := set products replaced by HWPs, d ∈ D,

f := displacement factor
Ee := carbon emissions released by the ecosystem,

Ept := carbon emissions released by HWP p ∈ P in period t ∈ T

Edt := carbon emissions avoided when d ∈ D is replaced by HWP p ∈ P

rpd := percentage of HWP p ∈ P that would replace product d ∈ D,

mp := percentage of harvest amount converted to HWP p ∈ P

Minimize harvest area. Objective function (11) tries to minimize the total254

harvested area while satisfying constraints.255

min
∑
i∈Z

∑
k∈K

∑
t∈T

αik1txik (14)

The model also includes optional features that account for carbon stocks256

and emissions from harvested wood products (HWP), as well as the dis-257

placement effects of HWP. Hence, due to the optional features and different258

objective functions, various scenarios can be defined.259
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2.3. Key performance indicators260

Outputs from the prototype framework include a set of KPI spanning261

environmental, economic, and social aspects, allowing evaluation of forest262

management practices under various scenarios in our case studies.263

Most of the studies conducted in the past focused on the various en-264

vironmental impacts of forest management activities [25, 26, 38, 41]. In265

the prototype developed in this study, carbon stocks are evaluated as part266

of environmental indicators in multiple pools, including total carbon of the267

ecosystem (biomass and DOM) and HWP. Net emissions are calculated by268

considering emissions from ecosystem and HWP decay, while accounting for269

carbon removals from forest growth and the displacement effect of HWP.270

The biodiversity of forested ecosystems significantly influences the long-271

term carbon storage dynamics [42]. In Díaz et al. [43], biodiversity is defined272

as the number, abundance, composition, spatial distribution and interactions273

of genotypes, populations, species, functional types, traits, and landscape274

units within a given system. However, in this study, we evaluated biodiversity275

indicators by evaluating the diversity of tree species and the characteristics276

of old growth, quantified using the Shannon Evenness Index (SEI) [44] and277

the old growth yield curve generated in this study, respectively. McGarvey278

et al. [45] modeled the relationship between carbon stocks and the age of the279

oldest trees using linear regression. Their findings illustrate that old-growth280

forests have stored more carbon.281

The Shannon Evenness Index (SEI) is calculated as Eq. (15):282

SEI =
−
∑S

i=1 pi ln pi
lnS

(15)

where S is the total number of species (species richness), and pi is the propor-283

tion of individuals belonging to species i. The SEI yields a value between 0284

and 1, where 1 indicates complete evenness in species distribution. A higher285

Shannon Index Evenness value reflects greater biodiversity, indicating a more286

balanced distribution of tree species within the forest.287

The framework calculates the Old Growth Index (OGI) by modeling forest288

age distribution and volume growth. As shown in Eq.(16), the index is289

defined as a piecewise function where the OGI value is zero for younger forest290

ages, linearly interpolates between specified age thresholds, and reaches a291

maximum value of 1 for older forests, reflecting the progression towards old-292

growth conditions.293
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f(x) =


0 if a ≤ ∆1a

∗ +∆2

a− (∆1a
∗ +∆2)

(∆3a′ +∆4)− (∆1a∗ +∆2)
if ∆1a

∗ +∆2 < a < ∆3a
′ +∆4

1 if a ≥ ∆3a
′ +∆4

(16)
where a, a∗, and a′ denote the age of the stand, the rotation age (the294

optimal age at which a forest stand is harvested to maximize timber yield),295

and the age of maturity (i.e., the age when the stand or tree reaches its peak296

growth or maximum yield before decline), respectively. The parameters ∆1,297

∆2, ∆3, and ∆4 represent arbitrary values used to adjust the age thresholds.298

For the case study presented here, we use ∆1 = ∆3 = 1 and ∆2 = ∆4 = 0.299

As stated by Waring et al. [31], effective forest management as a cli-300

mate mitigation strategy involves navigating various trade-offs, requiring a301

balance between long-term environmental and economic considerations. In302

this study, the revenue from the harvested wood serves as an economic in-303

dicator, quantifying the financial returns from the harvest of the forest. In304

addition, job creation, estimated based on the volume of wood harvested, is305

used as a social indicator to assess the employment opportunities generated306

by harvesting activities and related industries.307

2.4. Computational setup308

The prototype implementation is in Python, with the model interface309

designed within a Jupyter notebook running in a JupyterLab environment. It310

was developed and tested on a cloud-based virtual machine running Ubuntu311

Linux 24. The current notebook-based interface is intentionally simple and312

not optimized for end users, but it supports full transparency, reproducibility,313

and observability of the analysis pipeline. The framework is designed to314

be portable across computing environments, including desktop computers315

running Microsoft Windows. Future development could improve usability316

(e.g., CLI or GUI) while preserving open, auditable workflows.317

3. Case study318

3.1. Study area319

The mining company considered in this study operates several active and320

legacy mining sites across Canada. Legacy mine sites are locations where321
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mining previously took place but is no longer active [46]. In this study we322

focus on three mining sites in British Columbia (BC), Canada, including323

two legacy sites and one active site, as a case study. Figure 2 illustrates324

the Area of Interest (AOI) for the mining sites, while Table 2 details their325

Timber Supply Areas (TSA), and area specifications. A TSA is “a designated326

area established by the BC Ministry of Forests in order to practice sound,327

integrated, resource management principles to improve the allowable annual328

cuts"[47]. The study area for Mining Site 1 is located in the northwest-329

central region of BC, spanning 1,137,000 hectares and encompassing parts330

of the Bulkley, Kispiox, Lakes, Morice, and Prince George TSAs. The study331

area surrounding Mining Site 2, located in the northwestern part of BC,332

falls within the Cassiar TSA, covering approximately 538,000 hectares. The333

study area for Mining Site 3, also situated in the northwestern region of BC,334

is within the Cassiar TSA, encompassing about 405,000 hectares.335

Figure 2 shows the location of the mining sites and the surrounding wa-336

tersheds used to define the AOI. The watershed containing the mine location337

is identified as the primary watershed, the adjacent watersheds as secondary,338

and watersheds neighboring the secondary ones as tertiary. This structure339

creates a hierarchical framework of watersheds surrounding each mine site.340

The watershed was chosen as the basis for defining the AOIs because it is341

a meaningful ecological spatial unit, with its size and shape related to lo-342

cal ecosystem boundaries and gradients [48]. While watersheds were used343

to define the AOI, other landscape features could also serve this purpose.344

This method was selected with the intention that future studies could vary345

management intensity across the different watershed levels. The prototype346

framework presented here could also work with AOIs defined using alterna-347

tive criteria. The colored areas represent the Timber Harvesting Land Base348

(THLB, in green), forested non-contributing areas (in yellow), and excluded349

zones (in gray) within each AOI, providing context for land classifications350

surrounding each site. The THLB is an estimate of the land where tim-351

ber harvesting is both acceptable and economically feasible [49]. Poor and352

non-productive forest lands are classified as forested non-contributing areas,353

while non-forested lands such as roads, rivers, wetlands, and lakes are ex-354

cluded from the AOI.355
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Table 2: Mining sites and areas

Mining
Site

Site
Status

Timber
Supply
Areas (TSAs)

Excluded
Area

(k ha)

Non-
contrib.

Area (k ha)

THLB
Area

(k ha)

Mining Site 1 Legacy
Bulkley, Kispiox,
Lakes, Morice,
Prince George

225.1 249.3 662.9

Mining Site 2 Legacy Cassiar 347.1 56.5 134.7
Mining Site 3 Active Cassiar 13.9 202.1 188.7
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Figure 2: Location of mining sites in British Columbia and their AOI.
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3.2. Data356

Apart from the mining site locations, all other input data used in this357

study are publicly available, primarily sourced from the BC Government358

Public Portal (DataBC or the Data Catalogue). The prototype framework359

requires various input data, including the initial forest inventory, growth and360

yield curves, carbon stock and emission curves, as well as assumptions regard-361

ing HWP allocation to product streams, HWP decay rates, and displacement362

effects.363

This study utilizes publicly available BC Vegetation Resource Inventory364

(VRI) datasets to populate the forest stand inventory. Each forest stand is365

represented by the growth curve of its dominant species, with both hardwood366

and softwood components modeled using individual growth data. In BC, the367

Table Interpolation Program for Stand Yields (TIPSY) and the Variable Den-368

sity Yield Projection (VDYP) models are the standard tools for estimating369

timber yield projections in managed and natural stands, respectively [50].370

To simulate tree growth dynamics in this study, timber yield curves are gen-371

erated using the VDYP model. We employ the default Canadian parameters372

for libCBM [38], ensuring alignment with our study area. To analyze carbon373

stocks and emissions, carbon stock and emissions curves were derived from374

libCBM to model carbon dynamics over time, building upon the carbon yield375

curve method originally developed by Neilson et al. [51] and more recently376

adapted for ws3 and libCBM by Yan [52]. To track old growth forest, oldness377

curves are generated using Eq. (16), considering yield curves and rotation378

age to assess the distribution of the stand age over different periods. Simi-379

lar to Ke [53], the Life Cycle Analysis (LCA) method is employed to track380

emissions from HWP using the same parameters.381

3.3. Forest management scenarios382

While forest management includes a wide range of activities, our analysis383

specifically focuses on harvest scheduling as a key component. We develop384

two sets of management scenarios: a business-as-usual baseline and alterna-385

tive scenarios. In the business as usual scenario, harvest scheduling is op-386

timized by considering even-flow constraints on harvested area and volume,387

allowing for a 5% variation, as well as upper bounds on harvest intensity388

and lower bounds on growing stock. For growing stock, we assume that the389

final forest inventory at the end of the planning horizon is not less than 90%390

of the initial inventory. To determine the maximum harvest level for areas391

surrounding mining sites under the baseline scenario, we apply the annual392
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allowable cut (AAC) concept used in BC. The AAC for each TSA is deter-393

mined by the Chief Forester at least once every ten years [54]. Since AAC and394

THLB are predetermined for each TSA, we calculate the maximum harvest395

volume for each mining site based on the proportion of its THLB relative to396

the corresponding TSA. In alternative scenarios, the intensity of harvest de-397

creases by 10%. We coupled these scenarios with an additional scenario that398

examines the model’s behavior when only even-flow constraints on harvest399

volume and area are considered. Hence, a suite of 11 scenarios was developed400

for this analysis. All scenarios are modeled over a 100-year planning horizon,401

divided into 10 periods of 10 years each. Clear-cutting was the only harvest-402

ing system used. Table 3 provides an overview of the scenarios included in403

the analysis.404

Table 3: Scenarios and applied constraints

Scenario Scenario
ID

Even-flow
(Area & Volume)

Max Volume
Limit

Growing Stock
Constraint

Baseline Baseline * * *
Scenario 0 S0 * – –
Scenario 1 S1 * 90% of Baseline *
Scenario 2 S2 * 80% of Baseline *
Scenario 3 S3 * 70% of Baseline *
Scenario 4 S4 * 60% of Baseline *
Scenario 5 S5 * 50% of Baseline *
Scenario 6 S6 * 40% of Baseline *
Scenario 7 S7 * 30% of Baseline *
Scenario 8 S8 * 20% of Baseline *
Scenario 9 S9 * 10% of Baseline *

4. Results405

4.1. Parameter initialization406

The prototype is designed to be flexible and can accommodate different407

planning horizons and period lengths. We analyzed the baseline and alter-408

native scenarios described in Section 3.3 (S0 to S9) for the three mining sites409

with four objectives: maximizing harvest volume, minimizing harvest area,410

maximizing carbon stocks, and minimizing net emissions.411
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Although the prototype can account for various HWPs in different pro-412

portions with minor configuration changes, this study focuses on two primary413

products derived from harvested wood: lumber and paper. Based on histori-414

cal data on log availability and usage in BC in 2020, 50% of the logs produced415

are allocated to solid wood products, while the remaining 50% are designated416

for paper production [55]. However, for the purpose of this study, we assume417

that 80% of the harvested wood is converted into lumber and 20% into paper.418

This assumption allows us to explore harvesting scenarios under the condi-419

tion that a greater portion of harvested wood is dedicated toward products420

with longer life cycles. As stated by the IPCC, paper typically has a half-421

life of up to 2 years, whereas wood-based panels have a half-life of up to 25422

years, and sawnwood has a half-life of 35 years [56]. Therefore, in this study,423

a half-life of 30 years is assigned to lumber, while paper is given a half-life of424

2 years. Furthermore, to account for the substitution effect, we assume that425

50% of the lumber is processed into cross-laminated timber (CLT), which426

has a long-term carbon displacement impact due to its extended lifespan,427

estimated at around 100 years according to Head et al. [57] and is consid-428

ered effectively permanent for the purposes of this study. Since our primary429

objective was to demonstrate the applicability of the prototype rather than430

to generalize the results, we did not conduct a sensitivity analysis on these431

parameters.432

The following subsections offer a detailed analysis of the prototype’s out-433

puts for Mining Site 1, while results for Mining Sites 2 and 3 are provided in434

Appendix A and Appendix B, respectively. These analyses are presented as435

demonstrations of the framework across sites with differing forest ecosystem436

dynamics.437

4.2. Harvesting scenarios across planning objectives438

The results show that decisions related to harvest scheduling are sen-439

sitive to the selected objective. Figure 3 compares harvested area, har-440

vested volume, and growing stock in the forest lands surrounding Mining441

Site 1 under the baseline scenario and scenario S0 (which includes only even-442

flow constraints), across four key objectives: maximizing harvested volume443

(Max_hv), maximizing carbon stock (Max_st), minimizing net emissions444

(Min_em), and minimizing harvested area Min_ha).445

For the objective of maximizing harvested volume, scenario S0 results446

in higher harvested area and harvested volume compared to the baseline.447

Growing stock under scenario S0 declines more over the planning horizon,448
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indicating more intensive harvesting. Notably, S0 shows increased harvesting449

levels toward the end of the planning horizon, reflecting an effort to maximize450

wood resource extraction over time. Under the carbon stock maximization451

objective, the DSS suggests no harvesting at all in scenario S0. This leads452

to a substantially higher growing stock, highlighting the system’s preference453

for carbon accumulation when not constrained by harvesting targets. Sim-454

ilar results are observed under the objective of minimizing harvested area,455

where the model avoids harvesting entirely to preserve standing biomass. For456

the objective of minimizing net emissions, harvested area and volume under457

scenario S0 are significantly lower across all periods compared to the base-458

line. However, based on the initialized parameters, the DSS recommends a459

low level of harvesting under the scenario S0. The difference in outcomes460

between the scenario S0 under carbon stock maximization and net emis-461

sions minimization is likely due to the displacement effect, which reduces462

the impact of harvest-related emissions by assuming they are offset through463

substitution.464

It is also important to examine the behavior of the baseline scenario,465

which includes harvesting targets applied uniformly across all objectives. Al-466

though the same constraints on harvested area, volume, and growing stock467

are imposed under each objective, the outcomes differ. Harvest volume re-468

mains relatively consistent across objectives, reflecting the need to meet pre-469

defined volume targets. However, this consistency does not extend to har-470

vested area, where notable variations are observed. These differences may471

be attributed to the diverse growth rates of tree species and their varying472

contributions to biomass pools and DOM. Consequently, the harvested area473

may vary depending on the species composition prioritized under different474

management objectives.475

Figure 4 illustrates how different management objectives influence the476

species composition of retained stands under the baseline scenario. It com-477

pares the distribution of tree species at the end of the planning horizon across478

four harvesting objectives, alongside a no-harvest case that reflects the initial479

inventory composition. Retention patterns for Western Hemlock (Tsuga het-480

erophylla), Douglas-fir (Pseudotsuga menziesii), Trembling Aspen (Populus481

tremuloides), and Spruce and Spruce Hybrids (Picea) remain relatively con-482

sistent across objectives, with Western Hemlock and Spruce showing slightly483

higher retention under the maximize carbon stock objective. Pines (Pinus)484

emerges as the dominant retained species under the minimize emissions objec-485

tive. In contrast, Balsam (Abies lasiocarpa) dominates under the maximize486
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carbon stock objective.487

Figure 5 presents changes in harvested area, harvested volume, and grow-488

ing stock under the baseline and alternative scenarios (S0 to S9) across dif-489

ferent management objectives for the forest lands surrounding Mining Site 1.490

The results of the growing stock experiments revealed a clear linear relation-491

ship between harvest volume and the percentage of growing stock retained.492

Specifically, higher growing stock retention rates were associated with lower493

harvest volumes.494
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Figure 3: Comparison of harvested area, volume, and growing stock in the forest lands
surrounding Mining Site 1: Baseline vs. scenario S0 across planning objectives.
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Figure 4: Comparison of retained tree species under planning objectives and the no-harvest
condition in forest lands surrounding Mining Site 1 (baseline scenario).
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Figure 5: Comparison of forest management outcomes in the forest lands surrounding
Mining Site 1: Baseline vs. Alternative scenarios (S0 to S9) across planning objectives.
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4.3. KPIs across harvesting scenarios under different planning objectives495

Forest management decisions are not only shaped by the objectives we496

choose, but can also have varying impacts on economic, social, and envi-497

ronmental KPIs. Figure 6 illustrates the comparison of the baseline and498

alternative scenarios (S0 to S9) across various KPIs, considering the objec-499

tives of maximizing harvested volume (Max_hv), maximizing carbon stock500

(Max_st), minimizing net emissions (Min_em), and minimizing harvested501

area Min_ha) for the forest lands surrounding Mining Site 1. To enhance502

clarity, the results have been normalized for better visualization and detailed503

numerical results can be found in Tables 4 to 7.504

Under the objective of maximizing harvest volume, Scenario S0 results505

in high economic and social indicator values due to elevated harvest levels.506

However, this comes at the expense of environmental performance, with lower507

scores in the old-growth and net emissions indicators—reflecting increased508

carbon emissions and loss of old-growth forest. As harvest volume restrictions509

become more stringent in scenarios such as S1 and S2, harvest levels decline510

accordingly, leading to notable improvements in both net emissions and old-511

growth preservation. Scenario S9, with the lowest harvest volume under this512

objective, demonstrates the strongest performance on these environmental513

indicators.514

Species diversity shows minimal variation across scenarios regardless of515

the objective. Scenario S1, which allows for 90% of the baseline harvest vol-516

ume, achieves the highest value. However, no consistent trend is observed517

between harvest volume and species diversity, as values fluctuate across sce-518

narios. While economic and social indicators increase linearly with harvest519

volume, since they are directly calculated based on the amount of harvested520

timber, this linearity does not apply to net emissions, species diversity, or521

old-growth indicators.522

Under the objectives of maximizing carbon stocks, minimizing net emis-523

sions, and minimizing harvest area, the baseline scenario shows the high-524

est socioeconomic indicator values due to its relatively high harvest volume.525

However, it also produces the highest net emissions and results in the lowest526

area of old-growth forest. From an environmental and biodiversity stand-527

point, Scenario S0 (which entails the lowest or no harvesting under these528

objectives) performs best, offering the greatest carbon retention and preser-529

vation of old-growth forest.530

Similar to the patterns observed under the maximizing harvest volume,531

no clear relationship is evident between harvest levels and species diversity,532
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with values varying irregularly across scenarios.533

In the following subsections, we analyze the performance of each KPI534

across different scenarios and management objectives in the forested lands535

surrounding Mining Site 1.536
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Figure 6: Comparison of harvesting scenarios across KPIs under different planning objec-
tives in the forest lands surrounding Mining Site 1.
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Table 4: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 1 under the objective of maximizing harvest volume

Scenario
Harvest
Volume

(Mt)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old
Growth
(k ha)

Baseline 95.4 -10.2 100.8 3.4 0.733 196.4
S0 123.8 44.2 130.9 4.5 0.758 167.1
S1 85.8 -20.2 90.8 3.1 0.761 222.9
S2 76.3 -37.7 80.7 2.8 0.751 247.4
S3 66.8 -53.6 70.6 2.4 0.745 286.9
S4 57.2 -69.0 60.5 2.1 0.740 324.9
S5 47.7 -83.7 50.4 1.7 0.738 367.4
S6 38.2 -96.9 40.3 1.4 0.728 420.2
S7 28.6 -116.5 30.3 1.0 0.733 462.8
S8 19.1 -127.3 20.2 0.7 0.737 502.6
S9 9.5 -141.6 10.1 0.3 0.740 535.5

Table 5: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 1 under the objective of maximizing carbon stock

Scenario
Carbon

Stock
(MtC)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline 199.4 -34.3 92.2 3.1 0.753 317.7
S0 – -155.6 – – 0.746 580.5
S1 202.3 -49.7 83.3 2.8 0.751 343.0
S2 204.9 -64.3 74.5 2.5 0.748 366.4
S3 207.4 -78.5 65.2 2.2 0.744 390.8
S4 209.6 -91.9 55.9 1.9 0.744 417.5
S5 211.6 -105.0 46.4 1.6 0.744 445.6
S6 213.5 -117.1 37.1 1.3 0.743 473.6
S7 215.1 -128.6 27.9 0.9 0.742 500.6
S8 216.5 -139.2 18.5 0.6 0.743 526.9
S9 217.7 -148.5 9.3 0.3 0.743 552.5
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Table 6: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 1 under the objective of minimizing net emissions.

Scenario
Net

Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline -33.2 92.2 3.1 0.726 214.5
S0 -154.9 1.2 0.04 0.745 574.6
S1 -48.8 82.9 2.8 0.714 243.0
S2 -63.9 73.7 2.5 0.706 275.4
S3 -78.4 64.5 2.2 0.699 311.3
S4 -92.5 55.3 1.9 0.693 349.1
S5 -105.9 46.1 1.6 0.693 385.0
S6 -118.8 36.9 1.3 0.697 422.5
S7 -130.3 27.6 0.9 0.707 459.1
S8 -140.7 18.4 0.6 0.723 498.7
S9 -148.9 9.4 0.3 0.737 538.8

Table 7: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 1 under the objective of minimizing harvest area.

Scenario
Harvest

Area
(k ha)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline 381.9 -27.5 92.2 3.1 0.754 303.7
S0 – -155.6 – – 0.746 580.5
S1 333.3 -42.3 82.9 2.8 0.753 334.1
S2 287.4 -55.5 73.7 2.5 0.749 364.7
S3 244.0 -69.2 64.5 2.2 0.747 393.7
S4 203.3 -83.3 55.3 1.9 0.744 423.1
S5 164.5 -96.5 46.1 1.6 0.746 451.2
S6 126.8 -109.0 36.9 1.3 0.743 479.4
S7 90.6 -121.8 27.6 0.9 0.749 505.1
S8 57.4 -133.9 18.4 0.6 0.749 530.3
S9 27.2 -144.8 9.2 0.3 0.750 556.6
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4.3.1. Environmental indicators537

Under the environmental indicators, we examined net emissions, old growth538

area, and tree species diversity. Figure 7 presents a comparison of net emis-539

sions (tCO2e) across different forest management objectives under the base-540

line and alternative scenarios (S0–S9) in forested areas surrounding Mining541

Site 1. Although each scenario maintains consistent harvest volume con-542

straints, net emissions vary depending on the management objective. All543

scenarios beyond S0 result in negative net emissions across all objectives. In544

contrast, Scenario S0 under the objective of maximizing harvest volume leads545

to a substantial increase in emissions, with high positive net emissions. From546

S1 to S9, the magnitude of negative emissions increases progressively. The547

baseline scenario consistently shows the smallest reduction in net emissions.548

Among the four objectives, minimizing net emissions achieves the greatest549

reductions in nearly all scenarios. Conversely, maximizing harvest volume550

consistently yields the least reductions, i.e., smaller negative values, high-551

lighting a clear trade-off between production-oriented and climate mitigation552

goals.553

Figure 8 shows the progression of net emissions (tCO2e) over a 100-year554

planning horizon under four different forest management objectives. The555

graphs exhibit a cyclical pattern with spikes in emissions every 10 years,556

corresponding to harvest cycles. Under the objective of maximizing harvest557

volume, scenarios S0 through S5 as well as baseline scenario display periodic558

peaks of positive net emissions, suggesting that increasing harvest intensity559

beyond a certain threshold results in net carbon releases during specific plan-560

ning periods. This trend reflects the carbon cost associated with aggressive561

timber extraction strategies. In contrast, under the objective of minimizing562

net emissions, only the baseline and S1 scenarios exhibit positive net emis-563

sions at peak points over the 100-year planning horizon. All other scenarios564

maintain consistently negative net emissions, highlighting the relative effec-565

tiveness of emissions-focused management objectives in sustaining long-term566

carbon sequestration performance.567

30



Base
line S0 S1 S2 S3 S4 S5 S6 S7 S8 S9

1.50

1.25

1.00

0.75

0.50

0.25

0.00

0.25

0.50

Ne
t E

m
iss

io
ns

 (t
CO

2e
)

1e8
Objectives

Max_hv
Min_ha
Max_st
Min_em

Figure 7: Comparison of net emissions across different scenarios and planning objectives
in the forest lands surrounding Mining site 1.
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Figure 8: Comparison of net emissions across different scenarios and planning objectives
in the forest lands surrounding Mining Site 1 over a 100-year planning horizon.
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Figure 9 presents a comparative analysis of old growth forest area across568

harvesting scenarios and planning objectives in the forest lands surrounding569

Mining Site 1. The results indicate a general increase in the the old growth570

area from Scenario S0 through S9 under all objectives. Notably, scenarios571

under minimizing harvest area and maximizing carbon stock tend to preserve572

more old growtharea relative to maximizing harvest volume objective and573

minimizing net emissions. However, the difference in old growth preservation574

decreases as the harvest intensity decreases from Scenario S1 to Scenario S9.575

The smallest old growth area is observed in Scenario S0, which focuses on576

maximizing harvest levels.577

Figure 10 presents a comparison of tree species diversity across various578

harvesting scenarios and planning objectives in the forest lands surrounding579

Mining Site 1. The values range from 0.7 to 0.77, indicating moderately high580

tree species diversity under all scenarios and objectives. Notably, there is no581

dramatic decline in diversity under any specific scenario or objective. Among582

the planning objectives, minimizing net emissions consistently results in the583

lowest diversity values. Overall, the differences in species diversity are more584

strongly influenced by the planning objectives than by the specific harvesting585

scenarios.586

Base
line S0 S1 S2 S3 S4 S5 S6 S7 S8 S9

0

100000

200000

300000

400000

500000

600000

Ol
d 

Gr
ow

th
 A

re
a 

(h
ec

ta
re

)

Objectives
Max_hv
Min_ha
Max_st
Min_em

Figure 9: Comparison of old growth attributes across harvesting scenarios and planning
objectives in the forest lands surrounding Mining Site 1.
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Figure 10: Comparison of tree species diversity across harvesting scenarios and planning
objectives in the forest lands surrounding Mining Site 1.

4.3.2. Socioeconomic indicators587

Under the Socioeconomic indicators, we examined the revenue from har-588

vest volume as economic indicator and number of jobs created as the social589

indicator. Figures11 illustrates the comparison of revenue (in dollars) across590

various harvesting scenarios (Baseline, S0–S9) and planning objectives in the591

forest lands surrounding Mining Site 1. It shows the linear relation between592

the harvest intensity and the revenue. The objective of maximizing harvest593

volume yields the highest revenue in the baseline. Revenue generally declines594

steadily from S1 to S9 across all objectives.595

Similar trends are observed in Figure 12, which illustrates the number of596

jobs created across harvesting scenarios under different planning objectives.597

The results indicate that job creation closely follows harvest intensity, with598

the maximizing harvest volume objective consistently producing the highest599

employment levels across all scenarios.600
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Figure 11: Comparison of revenue across harvesting scenarios and planning objectives in
the forest lands surrounding Mining Site 1.
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Figure 12: Comparison of number of jobs across harvesting scenarios and planning objec-
tives in the forest lands surrounding Mining Site 1.

5. Discussion601

5.1. Forest management objectives and harvest intensity scenarios: impacts602

on key environmental and socioeconomic indicators603

The aim of this study was to develop a prototype DSS framework for604

evaluating forest management objectives and scenarios in relation to envi-605

ronmental integrity and socioeconomic development. We examined a set of606
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management objectives, including maximizing carbon stock or harvest vol-607

ume and minimizing net emissions or harvest area, in a combination with a608

range of harvest intensity scenarios (S0–S9), applied across three case study609

sites. Environmental indicators included net emissions, old-growth forest610

area, and tree species diversity. Socioeconomic indicators focused on revenue611

generated from harvested wood products and employment associated with612

timber extraction. Although we do not prescribe specific forest management613

strategies or generalize the findings to other forests and cases, the results614

offer insights based on the analyses presented here.615

Our analysis showed that even when the same constraints on harvest vol-616

ume were applied within a given scenario, different management objectives617

led to varying impacts on forest outcomes, including harvest volume and618

area, as well as growing stock. This pattern was observed in all three case619

study sites (see Figures 3, A.1, and B.1 for the mining sites 1, 2 and 3, re-620

spectively). The results indicate a linear relationship between harvest level621

and growing stock. In addition, changes in harvest volume have a propor-622

tional effect on the harvest area, without altering the pattern of harvesting623

(Figures 5, A.3, B.3). Changes in harvest intensity also produce shifts in624

environmental and socioeconomic indicators. Scenarios with reduced harvest625

volumes generally lead to lower net emissions and an increase in old-growth626

forest area. However, these environmental benefits often come at the cost of627

reduced wood-based revenue and employment opportunities. Similarly, our628

results echo those of Hiltunen et al. [58], underscoring that no single strategy629

optimizes both environmental and socioeconomic outcomes simultaneously.630

While the relationship between harvest volume and socioeconomic indica-631

tors is linear, in our modeling setup, this does not hold true for environmental632

indicators such as the old-growth index, species diversity, and net emissions.633

For instance, in Table 4, reducing the maximum harvest level from 90% in634

scenario S1 to 80% in scenario S2, under the objective of maximizing har-635

vest volume, results in a 87% improvement in net emissions. Similar trends636

are evident across other management objectives and case study sites. These637

differences become even more pronounced when comparing outcomes within638

the same harvest scenario but across different management objectives. For639

instance, under the baseline scenario in Mining Site 1, the net emissions640

objective improves the net emissions index by approximately 69%, while641

choosing the objective of maximizing carbon stock leads to a 61% increase in642

the old-growth index. However, both objectives are associated with a reduc-643

tion of about 9% in socioeconomic indicators compared to the objective of644
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maximizing harvest volume (see Tables 4–7). These results underscore how645

even small changes in planning objectives or harvest constraints can lead to646

differences in environmental outcomes. This finding is consistent with earlier647

work, such as that of Valipour et al. [25], who demonstrated how varying648

harvesting intensities can influence long-term forest dynamics and sustain-649

ability. These results underscore the influence of overarching management650

goals in determining forest outcomes, often outweighing the effects of harvest651

intensity alone.652

The prototype framework enables exploratory quantification of trade-offs,653

helping to identify thresholds at which environmental benefits may begin to654

conflict with economic or social viability in this case-study context. By com-655

paring outcomes across a range of scenarios, the tool supports planners and656

decision-makers in evaluating forest management objectives and strategies.657

This approach indicates a promising direction for further enquiry and devel-658

opment toward more robust tools that could contribute to climate change659

mitigation and promote forest management as a NbS.660

5.2. The integration of biodiversity into forest management661

The prototype developed in this study provides a useful tool for monitor-662

ing changes in old-growth forests and tree species composition under different663

forest management objectives and scenarios. Although climate change miti-664

gation and biodiversity conservation have both received increasing attention665

in recent years, they are often treated as separate priorities. In practice,666

these goals are rarely addressed in an integrated or coordinated manner [42].667

As highlighted by Ezquerro et al. [59], forest management objectives have668

evolved significantly over the past few decades, with growing recognition of669

the importance of non-market ecosystem services such as biodiversity. How-670

ever, effectively incorporating biodiversity considerations into forest planning671

remains a persistent challenge for both researchers and practitioners.672

While the three case studies presented here are not intended to repre-673

sent all forest types or regions, the results offer valuable insights into how674

biodiversity responds to different management strategies. The prototype’s675

outputs reveal that tree species composition can vary considerably depend-676

ing on whether harvesting is excluded or allowed under various management677

goals. The baseline scenarios for Mining Sites 1, 2, and 3 (Figures 4, A.2,678

and B.2) demonstrate how different strategies influence which species are679

retained. For example, in the baseline scenarios for forest lands surround-680

ing Mining Sites 1, 2, and 3, Pines, Balsam, and Spruce are the dominant681
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retained species under the “minimize net emissions” objective. In contrast,682

Balsam becomes increasingly dominant under the “maximize carbon stock”683

objective across all sites. This shift suggests that species selection varies with684

management goals, reflecting differences in their relative capacity for carbon685

storage, based off the species different growth patterns and speed.686

The findings also suggest that the choice of management objective has687

a greater impact on tree species diversity than the intensity of harvesting688

itself (Figures 10, A.8, and B.8). In other words, it is not just how much689

harvesting takes place, but the broader goals guiding SFM that shape which690

species are retained. Based on our results, overall species diversity does not691

change dramatically across scenarios, however small shifts in which species692

dominate can still affect how forests develop over time, including their struc-693

ture, ecological succession, and resilience. Previous studies have noted that694

structurally complex forests often store more carbon [60], suggesting that695

species diversity may be an increasingly useful indicator for understanding696

carbon-related outcomes.697

The results also show that, in addition to species diversity, the old-growth698

forest area varies depending on the management objective. For climate-699

related objectives, the area of old-growth forest tends to be slightly larger700

under the carbon stock maximization objective than under the net emission701

minimization objective. This pattern is consistent across all three case study702

sites (see Tables 4–7, A.1–A.4, and B.1–B.4 for Mining Sites 1, 2, and 3,703

respectively). In line with findings from McGarvey et al. [45], this study adds704

to the growing body of evidence suggesting that old-growth forests managed705

for carbon storage can also serve as important reservoirs of biodiversity.706

5.3. Scope and limitations707

To our knowledge, few case studies present a prototype DSS framework708

that tracks carbon from forests to HWPs and the resulting displacement709

effects. The prototype also incorporates various objectives, scenarios, and710

constraints to simulate and optimize forest management practices. While the711

prototype is designed to be adaptable across differing data and objectives,712

the results presented are specific to the defined case studies and may not be713

directly applicable to other contexts.714

Despite the benefits, this study has some limitations that present opportu-715

nities for future research. We assumed that the harvested wood is converted716

into only two types of HWPs, i.e., lumber and paper. Also, a simplified717
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half-life of 30 years was assumed for lumber. A more rigorous life-cycle as-718

sessment could refine the results. Additionally, while the defined scenarios719

were based on the percentage of maximum harvest volume, considering other720

constraints can result in more realistic scenarios.721

The main goal of this study was to demonstrate the functionality of the722

prototype framework to generate results for each scenario. However, a sensi-723

tivity analysis is not conducted. Such analysis helps decision makers to know724

how sensitive the results would be against changes in input parameters such725

as half-lives and displacement factors.726

The socioeconomic indicators used in this study were limited to revenue727

from harvested wood products and employment generated through harvest-728

ing activities. While informative, these metrics do not capture broader di-729

mensions of social sustainability, such as community well-being, equity, or730

long-term economic resilience. Similarly, the biodiversity indicators focused731

primarily on tree species diversity and old-growth forest area, without ac-732

counting for other critical components of forest ecosystems, such as wildlife733

habitats, understory vegetation, or soil biodiversity. These simplifications,734

while necessary for tractability, point to opportunities for future work to in-735

corporate a more holistic set of indicators that better reflect the complexity736

of forest socio-ecological systems. Furthermore, each of these aspects can be737

considered as objective functions along with harvest area and volume, carbon738

stocks, and carbon emissions in a multi-objective optimization model. This739

approach can enable decision makers to explore potential trade-offs between740

these objectives.741

Finally, we modeled only clear-cutting in the prototype framework. In-742

cluding other forest management activities, such as selective cutting, plant-743

ing, fertilizing and/or partial cutting, would provide a more complete assess-744

ment of their impacts on environmental and socioeconomic outcomes.745

6. Conclusion746

This study developed and applied a prototype open-source DSS frame-747

work to evaluate forest management strategies as an NbS for decarbonization748

in the context of mining operations in BC, Canada. By integrating envi-749

ronmental, economic, and social indicators, the prototype enables an initial750

assessment of trade-offs among various forest management objectives and751

harvesting scenarios.752
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The results demonstrate that while socioeconomic outcomes, such as rev-753

enue and employment, respond linearly to changes in harvest amount, en-754

vironmental indicators, including net emissions, old-growth retention, and755

species diversity, exhibit more complex and nonlinear responses. Manage-756

ment objectives play a decisive role in shaping these outcomes, often exert-757

ing a stronger influence than harvest amount alone. According to the results,758

scenarios focused on maximizing carbon stock or minimizing net emissions759

achieved notable environmental benefits but were associated with declines760

in socioeconomic indicators. This analysis underscores the importance of761

clearly defined planning objectives in SFM, particularly when seeking to bal-762

ance environmental and socioeconomic goals. The prototype helps identify763

of thresholds where environmental improvements may begin to conflict with764

economic viability, thereby supporting more informed and balanced decision-765

making.766

While the findings provide valuable insights, they are based on a limited767

set of case studies and should not be generalized across all forest ecosystems768

or management contexts. The modeling relies on a number of assumptions769

regarding species responses, decay rates, and displacement effects, which may770

vary in other geographic or institutional settings. Future work should expand771

the application of the prototype framework across different forest types and772

policy contexts and incorporate dynamic ecological feedbacks and more nu-773

anced socioeconomic indicators. Despite these limitations, the study offers774

a practical and adaptable tool for exploring forest management strategies as775

nature-based decarbonization solutions and contributes to a growing body of776

work at the intersection of forest management, climate action, and sustain-777

able development.778

While the DSS facilitates assessment of different forest management sce-779

narios and KPIs, this study only focused on harvest scheduling and a limited780

set of KPIs, so it does not cover the full range of ecological and socioeco-781

nomic factors. The system also does not include other forest management782

practices, such as selective cutting, planting, or fertilization strategies, which783

could have a big impact on carbon storage and biodiversity. Adding these784

practices to the DSS would give a more complete picture of how forest man-785

agement affects carbon neutrality.786
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1065

Appendix A. Results of Mining Site 21066

Here, we present the detailed results from running all defined scenarios1067

under various objectives for Mining Site 2.1068
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Figure A.1: Comparison of harvested area, volume, and growing stock in the forest lands
surrounding Mining Site 2: Baseline vs. scenario S0 across planning objectives.
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Figure A.2: Comparison of retained tree species under planning objectives and the no-
harvest condition in forest lands surrounding Mining Site 2 (baseline scenario).
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Figure A.3: Comparison of forest management outcomes in the forest lands surrounding
Mining Site 2: Baseline vs. Alternative scenarios (S0 to S9) across planning objectives.
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Figure A.4: Comparison of harvesting scenarios across KPIs under different planning
objectives in the forest lands surrounding Mining Site 2.
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Table A.1: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 2 under the objective of maximizing harvest volume.

Scenario
Harvest
Volume
(Mm3)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline 8.01 -22.43 8.5 288.6 0.923 26.6
S0 13.93 -6.21 14.7 502.2 0.809 14.7
S1 7.20 -20.82 7.6 259.8 0.917 31.5
S2 6.40 -24.44 6.8 230.9 0.920 33.4
S3 5.60 -27.88 5.9 202.0 0.918 34.9
S4 4.80 -30.83 5.1 173.2 0.916 36.6
S5 4.00 -33.80 4.2 144.3 0.917 39.0
S6 3.20 -37.20 3.4 115.4 0.917 40.7
S7 2.40 -40.17 2.5 86.6 0.920 42.7
S8 1.60 -43.34 1.7 57.7 0.922 44.9
S9 0.80 -46.26 0.8 28.9 0.926 52.3

Table A.2: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 2 under the objective of maximizing carbon stock.

Scenario
Carbon

Stock
(MtC)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline 36.67 -32.70 7.7 263.8 0.818 24.7
S0 39.68 -49.43 – – 0.929 48.8
S1 37.10 -35.00 7.0 237.4 0.822 26.3
S2 37.50 -37.14 6.2 211.0 0.828 28.3
S3 37.88 -39.16 5.4 184.6 0.849 30.2
S4 38.23 -41.09 4.6 158.3 0.864 32.2
S5 38.56 -42.92 3.9 131.9 0.869 34.4
S6 38.87 -44.60 3.1 105.5 0.878 36.7
S7 39.13 -46.23 2.3 79.1 0.896 39.0
S8 39.36 -47.54 1.5 52.8 0.909 42.0
S9 39.54 -48.58 0.8 26.7 0.921 45.5
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Table A.3: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 2 under the objective of minimizing net emissions.

Scenario
Net

Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline -33.38 7.7 263.8 0.867 19.8
S0 -49.41 0.02 0.9 0.928 48.6
S1 -35.59 7.0 237.4 0.869 25.0
S2 -37.68 6.2 211.0 0.872 23.1
S3 -39.67 5.4 184.6 0.877 25.1
S4 -41.55 4.6 158.3 0.877 27.4
S5 -43.33 3.9 131.9 0.881 30.2
S6 -44.98 3.1 105.5 0.890 33.2
S7 -46.28 2.3 79.1 0.894 36.8
S8 -47.58 1.6 54.4 0.905 39.9
S9 -48.65 0.8 26.4 0.919 43.6

Table A.4: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 2 under the objective of minimizing harvest area.

Scenario
Harvest

Area
(k ha)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline 60.74 -30.67 7.8 265.6 0.893 27.3
S0 – -49.43 – – 0.929 48.8
S1 52.60 -32.93 7.0 237.7 0.894 28.7
S2 44.81 -35.23 6.2 211.9 0.889 31.0
S3 37.41 -37.36 5.4 185.0 0.888 33.4
S4 30.46 -39.35 4.7 161.2 0.885 35.1
S5 23.93 -41.38 3.9 131.9 0.884 37.9
S6 17.91 -43.11 3.1 105.5 0.888 40.8
S7 12.41 -44.77 2.3 79.1 0.893 43.1
S8 7.48 -46.46 1.5 52.8 0.899 45.5
S9 3.19 -48.02 0.8 26.6 0.914 47.2
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Figure A.5: Comparison of net emissions across different scenarios and planning objectives
in the forest lands surrounding Mining site 2.
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Figure A.6: Comparison of net emissions across different scenarios and planning objectives
in the forest lands surrounding Mining Site 2 over a 100-year planning horizon.
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Figure A.7: Comparison of old growth attributes across harvesting scenarios and planning
objectives in the forest lands surrounding Mining Site 2.
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Figure A.8: Comparison of tree species diversity across harvesting scenarios and planning
objectives in the forest lands surrounding Mining Site 2.
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Figure A.9: Comparison of revenue across harvesting scenarios and planning objectives in
the forest lands surrounding Mining Site 2.
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Figure A.10: Comparison of number of jobs across harvesting scenarios and planning
objectives in the forest lands surrounding Mining Site 2.
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Appendix B. Results of Mining Site 31069

Here, we present the detailed results from running all defined scenarios1070

under various objectives for Mining Site 3.1071
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Figure B.1: Comparison of forest management outcomes in the forest lands surrounding
Mining Site 3: Baseline vs. S0 across four objectives.
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Figure B.2: Comparison of retained tree species under four management objectives and
the no-harvest condition in forest lands surrounding Mining Site 3 (baseline scenario)
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Figure B.3: Comparison of forest management outcomes in the forest lands surrounding
Mining Site 3: Baseline vs. Alternative scenarios (S0 to S9) across four objectives
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Figure B.4: Comparison of harvesting scenarios across KPIs under different planning
objectives in the forest lands surrounding Mining Site 3.
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Table B.1: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 3 under the objective of maximizing harvest volume.

Scenario
Harvest
Volume
(Mm3)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline 11.21 -46.08 11.9 404.2 0.780 100.4
S0 25.00 -20.55 26.4 901.1 0.730 47.2
S1 10.09 -50.23 10.7 363.8 0.777 104.5
S2 8.97 -52.65 9.5 323.4 0.783 106.8
S3 7.85 -56.56 8.3 282.9 0.785 111.0
S4 6.73 -61.57 7.1 242.5 0.779 114.1
S5 5.61 -64.19 5.9 202.1 0.771 115.2
S6 4.48 -68.33 4.7 161.7 0.773 119.9
S7 3.36 -71.72 3.6 121.3 0.781 124.7
S8 2.24 -76.11 2.4 80.8 0.780 128.3
S9 1.12 -78.93 1.2 40.4 0.799 139.2

Table B.2: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 3 under the objective of maximizing carbon stock.

Scenario
Carbon

Stock
(MtC)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline 69.02 -61.35 10.8 369.4 0.770 101.9
S0 72.96 -81.55 – – 0.812 150.2
S1 69.49 -63.71 9.7 332.5 0.776 107.0
S2 69.95 -66.06 8.7 295.5 0.782 112.3
S3 70.41 -68.41 7.6 258.6 0.784 117.1
S4 70.85 -70.66 6.5 221.6 0.785 121.9
S5 71.29 -72.75 5.4 184.7 0.785 126.7
S6 71.71 -74.81 4.3 147.8 0.789 132.1
S7 72.11 -76.81 3.2 110.8 0.792 137.5
S8 72.48 -78.79 2.2 73.9 0.793 141.7
S9 72.78 -80.47 1.1 36.9 0.804 146.2
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Table B.3: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 3 under the objective of minimizing net emissions.

Scenario
Net

Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline -62.35 10.8 369.4 0.721 76.6
S0 -81.52 0.04 1.4 0.812 150.0
S1 -64.60 9.7 332.5 0.743 85.2
S2 -66.80 8.7 295.5 0.751 92.8
S3 -68.91 7.6 258.6 0.754 99.5
S4 -70.96 6.5 221.6 0.754 104.1
S5 -72.96 5.4 184.7 0.751 111.3
S6 -75.04 4.3 147.8 0.769 121.1
S7 -77.01 3.2 110.8 0.783 130.6
S8 -78.90 2.2 73.9 0.792 138.7
S9 -80.49 1.1 36.9 0.801 145.0

Table B.4: Comparison of KPIs across harvesting scenarios for the forest lands surrounding
Mining Site 3 under the objective of minimizing harvest area.

Scenario
Harvest

Area
(k ha)

Net
Emissions
(MtCO2e)

Social
Indicator
(k jobs)

Economic
Indicator

($M)

Species
Indicator

Old Growth
(k ha)

Baseline 59.13 -60.13 10.8 369.4 0.851 111.3
S0 – -81.55 – – 0.812 150.2
S1 52.32 -62.49 9.7 332.5 0.846 116.2
S2 45.73 -64.83 8.7 295.5 0.844 119.1
S3 39.33 -67.15 7.6 258.6 0.837 122.5
S4 33.09 -69.38 6.5 221.6 0.834 126.5
S5 27.02 -71.59 5.4 185.8 0.828 129.8
S6 21.15 -73.78 4.3 148.2 0.823 133.7
S7 15.50 -75.96 3.3 111.3 0.818 138.6
S8 10.02 -77.71 2.2 74.1 0.818 142.0
S9 4.76 -79.63 1.1 37.2 0.816 146.7

65



Base
line S0 S1 S2 S3 S4 S5 S6 S7 S8 S9

8

7

6

5

4

3

2

1

0

Ne
t E

m
iss

io
ns

 (t
CO

2e
)

1e7

Objectives
Max_hv
Min_ha
Max_st
Min_em

Figure B.5: Comparison of net emissions across different scenarios and planning objectives
in the forest lands surrounding Mining site 3.
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Figure B.6: Comparison of net emissions across different scenarios and planning objectives
in the forest lands surrounding Mining Site 3 over a 100-year planning horizon.
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Figure B.7: Comparison of old growth attributes across harvesting scenarios and planning
objectives in the forest lands surrounding Mining Site 3.
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Figure B.8: Comparison of tree species diversity across harvesting scenarios and planning
objectives in the forest lands surrounding Mining Site 3.
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Figure B.9: Comparison of revenue across harvesting scenarios and planning objectives in
the forest lands surrounding Mining Site 3.
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Figure B.10: Comparison of number of jobs across harvesting scenarios and planning
objectives in the forest lands surrounding Mining Site 3.
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