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31 Abstract

32  Forests are central to the EU’s climate neutrality strategy, currently offsetting ~9% of total
33  greenhouse gas emissions and offering further mitigation potential through harvested wood
34  products and the substitution effect. However, the climate benefit of the forest sector is
35 influenced by multiple interacting factors, including forest management, climate change,
36  wood-use strategies, and assumptions about substitution benefits, as well as the timing and
37  fate of carbon across the forest ecosystem and technosphere. To evaluate these drivers, we
38 used a coupled forest growth and a wood products model to simulate five different
39 silvicultural strategies under three climate change scenarios, four wood use schemes, and five
40  displacement factor decay pathways over a 285-year period (2015-2300), applied to a Pinus
41  nigraforest in Italy, questioning the impact of these factors on climate mitigation potential of
42  the forest sector. We assessed forest sector balance (FSB, net carbon exchange between forest
43 system and atmosphere), radiative forcing from biogenic CO, (RFp,), and mitigation
44  efficiency (ME) — the proportion of sequestered carbon contributing to net climate benefit.
45  Results showed that FSB and RFu, were “broadly” aligned, but ME varied with the
46 magnitude and duration of biogenic emissions. The scenarios BIOE (bioenergy) and TM
47  (modular cutting) achieved high FSB but showed lower ME due to concentrated or sustained
48  emissions. WOOD and ADAPT yielded higher ME under SSP1-2.6, while several strategies
49 (WOOD, ADAPT, TRANS) became net sources under SSP5-8.5 after 2200. Substitution
50  benefits declined under degressive assumptions, reducing mitigation by up to 53% especially

51  for high-harvest scenarios. FSB was primarily shaped by climate and management, secondly
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52 by substitution, however; wood-use strategies had no significant long-term effect provided

53 they did not impact resource availability. Together, these findings underscore that effective
54  forest-sector mitigation requires not only maximizing cumulative carbon stocks, but also
55  minimizing the magnitude, timing, and atmospheric residence time of emissions while

56  carefully considering the role of substitution benefits.

57 Keywords

58 Forest management, Climate mitigation, Wood substitution, Carbon balance, Radiative
59  Forcing, Mitigation efficiency, Climate change, Process-based model, Wood products model
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77
78
79  Background
80  Forests are a key component of the EU’s climate mitigation framework for achieving carbon
81  neutrality by 2050. Currently they remove approximately 9% of total greenhouse gas (GHG)
82  emissions from the atmosphere (EEA, 2022). Forest ecosystems serve as both carbon sinks,
83  sequestering additional carbon, and reservoirs, storing it across several pools. When managed
84  sustainably, forest carbon can be transferred laterally to harvested wood products (HWPs),
85  establishing an external carbon pool and contributing to the substitution effect, as HWPs
86  replace energy-intensive materials and fossil fuels, avoiding emissions (Riter & Fulvio,
87  2025). In the EU, forests and HWPs together sequester approximately 400 Mt CO,-eq.yr ™,
88  with HWPs contributing for about 10% to this total. Substitution provides a similar level of
89  contribution with values ranging from 18 to 43 Mt CO,-eq.yr, further enhancing the forest
90  sector’s overall mitigation potential (Jonsson et al., 2021; Nabuurs et al., 2017; Riter S. et al.,
91  2016).To assess forest sector mitigation, a system-wide perspective is needed to account for
92  the distinct roles of carbon pools. This approach ensures that all relevant mitigation
93  pathways, sequestration, storage, and substitution, are critically evaluated (Grassi et al., 2021;
94  Lempriére et al., 2013).
95
96  Forest-sector mitigation outcomes are shaped by multiple interacting factors. Understanding
97 these drivers is essential to accurately assess the effectiveness and trade-offs among
98  strategies. The forest carbon sink is primarily determined by both forest management and
99 climate conditions (Ameray et al., 2021; Dye et al., 2024; Gregor et al., 2024; Liu et al.,
100  2025). Similarly, the HWPs sink is affected by these factors but also depends on wood-use

101  characteristics and the carbon footprint of the displaced material, which ultimately
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102  determines the substitution effect (Bozzolan et al., 2024; Brunet-Navarro et al., 2017;

103  Budzinski et al., 2020). Beyond biophysical and technological factors, temporal aspects of
104  carbon fluxes also play a critical role, a point further developed below.

105 Among these factors, forest management has received particular attention (Valentini &
106  Miglietta, 2015). Practices range from passive conservation to intensive silvicultural
107 interventions (Barredo et al., 2024; Dalmonech et al., 2022; Pilli et al., 2022). An ongoing
108  debate in the EU revolves on whether active or reduced management contributes more
109 effectively to climate mitigation (Luyssaert et al., 2007; Noormets et al., 2015). In managed
110 forests, early interventions such as tending and thinning are used to improve wood quality,
111 promote tree growth, and reduce the likelihood of natural mortality. As a result, more wood
112 can be harvested for use in HWPs instead of being lost to natural decay. At the same time,
113  these operations enhance forest resilience to disturbances, which are becoming more frequent
114  due to climate change (Barrette et al., 2023; Kilpeldinen & Peltola, 2022; Moreau et al.,
115  2022). In the long term, while unmanaged forests tend to maintain higher carbon stocks,
116  especially in the dead wood pool (Nagel et al., 2023), studies suggest that managed forests
117  can achieve a superior overall carbon balance when accounting for the substitution effect
118  (Krugetal., 2012; Schulze et al., 2020).

119

120  Differences in the mitigation potential of multiple active management strategies exist and are
121 primarily driven by factors such as structure complexity, rotation length, thinning intensity,
122 and thinning intervals. In parallel, at least two key factors influence the HWPs sink: the
123  recycling rate and the lifespan of HWPs, both of which delay carbon emissions to the
124  atmosphere through combustion or decomposition in disposal sites (Brunet-Navarro et al.,
125  2017; Pingoud et al., 2003; Wei et al., 2023). Finally, one of the most critical assumptions in

126  estimating the forest sector’s substitution effect is the assumption of stationary displacement
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127  factors (DF). Assuming fixed DF fails to account for potential improvements in energy

128 efficiency and reductions in the carbon footprint of competing sectors (e.g., steel, concrete,
129 and energy) that may lead to reductions in GHG emissions. Any advancements in these
130  sectors would consequently diminish the substitution effect of wood (Brunet-Navarro et al.,
131  2021; Harmon, 2019; Howard et al., 2021). Therefore, assessing alternative strategies with a
132 fixed DF reflects only the maximum substitution potential, while the actual effect is likely
133  lower and often overestimated in global reports.

134

135 A critical yet often overlooked aspect of climate mitigation assessments is the timing of
136  carbon fluxes and how this aligns with the time horizon of mitigation projects. As Levasseur
137  (2010) highlighted, “carbon neutrality does not equate climate neutrality”, as carbon persists
138 in the atmosphere before being reabsorbed, contributing in the meantime to the climate
139  forcing (Levasseur et al., 2010). Forest-Technosphere systems that release carbon rapidly but
140  sequester it slowly can have a stronger short-term climate impact than those with faster
141  sequestration rates and slower carbon release (Holtsmark, 2012; Laganiére et al., 2017).
142  These short-term emissions influence radiative forcing, potentially intensifying near-term
143  warming and affecting long-term climate stability. Similarly, the time horizon; the timeframe
144  over which forest systems are evaluated, significantly shapes their assessed climate impact.
145  Over short time frames, immediate emissions from harvesting may outweigh sequestration
146  benefits, resulting in a higher net climate impact. In contrast, longer horizons allow forest
147  regrowth along with the other climate system components to offset initial emissions,
148  improving mitigation outcomes (Cherubini et al., 2011; Holtsmark, 2013; Sierra et al., 2021).
149  Given this, assessing the mitigation potential of forests based on carbon balances alone is
150 insufficient; it must also account for their contribution to radiative forcing over time. To

151  capture these temporal dynamics, we first applied a timing-sensitive indicator (RFpio) which
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152  integrates the net carbon fluxes over time using a global impulse response function. Yet,

153  while RFyj, captures the climate impact, it does not indicate how efficiently carbon is
154  processed to achieve that outcome. To address this, we introduce the concept of mitigation
155  efficiency (ME), a metric that reflects the climate benefit delivered per unit of carbon cycled
156  through the forest sector. Together, RFyi, and ME offer a more nuanced basis for evaluating
157  forest-sector strategies, emphasizing not just how much carbon is removed, but how
158  effectively and durably that removal contributes to climate mitigation.

159

160  Despite the well-established role of forests and HWPs in climate mitigation, significant
161  uncertainties remain regarding the long-term effectiveness of different forest management
162  strategies. These uncertainties arise from the complex interactions among forest growth,
163  harvest intensity, product use, and substitution dynamics, as well as from simplifying
164  assumptions, such as stationary DF. Moreover, most studies focus on short-term carbon
165  balances, overlooking the long temporal cycles of forest systems and the fact that mitigation
166  potential may emerge at different timescales depending on the applied management (Metzler
167  etal., 2024; Skytt et al., 2021). To address these gaps, we developed an integrated modeling
168  framework combining a process-based forest model with a wood product model (WPM). We
169 evaluated five different forest management strategies under three climate change scenarios
170 and five displacement pathways over a 285-year simulation period, using a factorial design.
171  The analysis also examines whether high carbon balances consistently correspond to strong
172 climate outcomes, and how time horizons, climate trajectories, and decay of DF influence
173  long-term forest-sector mitigation performance. We applied the modeling framework to a
174  Pinus nigra J.F. Arnold stand in the Vallombrosa Forest, Tuscany, Italy, representative of

175 temperate European forest ecosystems. P. nigra was selected due to its wide ecological


https://doi.org/10.1101/2025.08.01.668130

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.01.668130; this version posted August 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

8
176  adaptability, increasing use in European reforestation efforts, and its relevance to climate-

177  resilient forestry (EU council, 2025; Vacek et al., 2023).

178

179

180 Materialsand Methods

181 1. Study area

182  The study was conducted in the state forest of VVallombrosa (43° 44’ N, 11° 34’), a biogenetic
183  reserve of approximately 1000 ha in Tuscany, Italy. The forest experiences a mean annual
184  precipitation of about 1195 mm and a mean annual temperature slightly higher than 10 °C.
185  January is the coldest month (1.9 °C), July the warmest (19.6 °C). All the conifer plantations
186  were traditionally managed as even-aged. Pinus nigra was introduced in the forest (Bottalico
187 et al.,, 2012) as part of the main reforestation program that occurred after the second World
188  War. These stands cover 11% of the total forest area, with ages ranging from 60 to 95 years.
189  From 2005, as reported in the Vallombrosa forest management plan (Piano di gestione e
190 slvomuseo) (Travaglini, 2009). Pinus nigra stands are managed under close-to-nature
191  silviculture principles following the systemic silviculture approach (Ciancio & Nocentini,
192 2011), with the principles of modular/selective continuous cutting. This approach rooted in
193  Continuous Cover Forestry (CCF) and prescribed by Ciancio (2004) promotes resource
194  sustainability and natural regeneration by dynamically reassessing the harvestable volume
195 (Ciancio & Nocentini, 2004). The silvicultural systemic method for growing stock harvesting
196 calculates the real wood provision over a 5-year period. Thinning is allowed only if the
197  remaining standing volume is kept above the minimum threshold (typically 100-150 m® ha™
198  for Pinus nigra). If the condition is not met, only the portion of increment that preserves the
199  minimum stock is thinned. Thinning is also carried out to remove trees at high risk of falling.

200  When harvesting is conducted, the resulting residues are left on site. To monitor forest yield
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201 and health, and in the context of the forest management plan, local permanent forest

202 inventory plots were established. The permanent circular plots (530 m?) are identical to those

203  of the Italian National Forest Inventory (NFI; https://www.inventarioforestale.org) and were

204  surveyed in 2005. Several of these plots are located within Pinus nigra stands and were
205  resurveyed again in 2017, 2018, and 2023.

206

207 2. Study key silvicultural and modeling assumptions

208  The following assumptions are considered in this study: the selected forest stand is assumed
209  to be representative of the average conditions across the broader Pinus nigra landscape. The
210 same forest management practices and wood use behavior are consistently
211  applied/maintained throughout the study period. Additionally, species composition is
212  assumed to remain unchanged, meaning no species conversion occurs over the time horizon.
213  Finally, each management scenario assumes a starting point of a recent plantation established
214  in 2015 following a clear-cut, with a planting density of 2500 trees per hectare.

215 In addition, landfilling activities were assumed to gradually phase out by the year 2060,
216  following an exponential decay model calibrated on national data. This estimate is based on
217  the observed reduction in the share of Italian municipalities utilizing landfill, which declined
218  from 46% in 2010 to 18% in 2022 (EEA, 2024). By assuming a constant relative rate of
219  decrease, landfilling is projected to approach zero use by 2060, and this cutoff year is adopted
220  as the upper limit for landfill emissions modeling.

221

222 3. Definition of scenarios

223  3.1. Climate change pathways

224 We investigated two coupled representative concentration pathways (RCPs) and shared

225  socioeconomic pathways (SSPs) based on distinct emission scenarios to assess potential
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10
226  future climate trajectories and their socioeconomic implications. The SSP1-RCP2.6 scenario

227  (SSP1-2.6 hereafter) represents a world of sustainability-focused growth and equality, and it
228 assumes that strong climate protection measures are implemented, aiming to limit global
229  warming to well below 2°C above pre-industrial levels (O’Neill et al., 2014; Riahi et al.,
230 2017; van Vuuren et al., 2011). In contrast, SSP5-RCP8.5 (SSP5-8.5 hereafter) reflects a
231 world of rapid and unconstrained growth in economic output, energy demand and use, as well
232 as limited to no mitigation actions and a persistent reliance on fossil fuels (Calvin et al.,
233 2017; Meinshausen et al., 2011; Rogelj et al., 2018). Climate projections were obtained from
234  the Coupled Model Intercomparison (CMIP 6) project (Eyring et al., 2016), covering the
235  period from 2015 to 2300. Data were sourced from the MRI-ESM2-0 global climate model,
236  as it was the only model available that simulated the variables of interest over the long term,
237  extending to the year 2300. The outputs were downscaled to a 0.25° resolution using the
238  perfect prognosis downscaling method. A set of statistical models and algorithms was
239 initially calibrated using historical (observed) data from both coarse predictors (ERAS5
240  reanalysis; Hersbach et al., 2020) and local predictand data (E-OBS reanalysis, including
241  precipitation, maximum, and minimum temperature; Cornes et al., 2018) over a
242  representative 30-year climate period (1991-2020). The methods were then validated and
243  evaluated, with the best-performing models selected to downscale daily precipitation,
244  maximum, and minimum daily temperatures. Moreover, atmospheric CO, concentrations for
245  different climate trajectories were obtained from (Meinshausen et al., 2020). Additionally, we
246  simulated the current climate (CUR) for the period 2020-2300 by randomly sampling each
247  day of the year from the local station records (Vallombrosa, locality of Reggello) over the

248  period 2005-2023 (see Figurel).
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251  Figure 1: Climate projections from the downscaled MRI-ESM2-0 model under the SSP1-2.6
252 and SSP5-8.5 scenarios, driving the simulation for the period 2015-2300. The top panel
253 shows annual precipitation (mm), the middle panel displays the annual mean of daily
254  maximum and minimum temperatures (°C), and the bottom panel shows atmospheric CO[!
255  concentration (ppm), labeled as Ca.

256

257  3.2. Forest management scenarios

258  Five management scenarios were developed, grounded in five policies outlined in the EU
259  Forest Strategy (European Commision, 2021), the EU Bioeconomy Strategy (European
260  Commision, 2018), and the EU Forest Biodiversity Strategy (European Commission, 2021).
261  These scenarios were designed to reflect the specific characteristics of the target species and
262  the study area. In this process, the regulations for P. nigra management in the Tuscany region

263  were also considered (refer to Cantiani P et al., 2018 for further details). Each policy was
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264  subsequently translated into stand-based forest management plans with the expert input of

265 local stakeholders, including forest managers and academic scholars.

266  The silvicultural interventions applied across the scenarios include pre-thinning and thinning
267  operations, implemented with varying intensities and intervals. In shelterwood-based
268  scenarios, additional interventions such as preparatory cuts and seedling cuts are employed to
269 facilitate natural regeneration under partial canopy cover. Final cuts are applied in both
270  shelterwood and clearcut systems, serving to remove the remaining overstory once
271  regeneration is established in shelterwood, or to harvest the entire stand at once in
272  clearcutting scenarios. In the latter case, artificial regeneration follows harvest operations,
273  with planting carried out at a density of 2500 seedlings per hectare (See Figure 2 for detailed
274  silvicultural intervention schedules).

275

276  The first scenario is known as ‘Tagli Modulari’ which represents modular cutting (hereafter
277  TM), and reflecting the typical practices applied in the Vallombrosa forest and described in
278  detail in Section 1. The "Wood-Based Bioenergy Production” (BIOE) assumes that the EU is
279  transitioning to a more sustainable energy future by gradually promoting the use of wood
280  bioenergy as a replacement for fossil fuel energy. While direct use of wood logs for energy is
281  discouraged under the EU’s Renewable Energy Directive (RED Il and RED II1), only the
282  portion of trees unsuitable for higher-value uses are directly allocated to bioenergy.
283  Practically, this management plan consists of a short rotation (70-80 yrs) and the application
284  of 1-3 thinning treatments. The “Promotion of long-lived HWPs” (WOOD) explores how
285  forest management can support climate mitigation by increasing the supply of high-quality
286  timber suitable for durable HWPs. The scenario assumes that domestic wood use in the EU
287  shifts increasingly toward long-lived applications such as construction materials, which can

288  store carbon for extended periods and substitute for more carbon-intensive materials. While
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289 the lifespan of HWPs also depends on post-harvest factors, such as recycling systems and

290 end-use, this scenario emphasizes the forest management component that facilitates the
291 availability of timber suitable for such uses. On the forest side, this objective is supported by
292  extending rotation lengths (e.g., 120-150 yrs) aiming to harvest trees with larger diameters
293  and higher wood quality through stronger thinning. The “Enhancing Forest Adaptation and
294  Resilience” (ADAPT) aims to strengthen the resilience of forests, particularly Mediterranean
295  forests, which are already experiencing severe drought conditions. Practically, this
296  management plan will consist of applying intensive thinning to alleviate competition on site
297  resources and adopting short rotation cycles to alleviate disturbance risks, in addition to
298  promoting artificial regeneration. The last scenario, “Transition to passive rewilding”
299  (TRANS) is designed to facilitate the shift from structured stand management toward a self-
300 regulating forest system with minimal long-term disturbance. Initial interventions are
301 intended to accelerate natural processes such as gap creation, early mortality, and canopy
302  opening, which commonly occur in the late stages of forest succession and structural
303 diversification (Bauhus et al., 2009). These actions aim to promote structural diversification
304 and regeneration. Thinning is applied at regular intervals between 2030 and 2150, with
305 intensities ranging from 30% to 50% of the stand basal area. After 2150, no further
306 interventions were applied, allowing the forest to develop autonomously under passive
307  conditions.

308

309
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Strategical Management level Operational
—————————————— — —— ——————————-’
Forest management strategies Stand projection Management plan
High T Promotion of bioenergy wood (BIOE) Age Interv. %N  %BA
Objective: Promote fuel blomass production 20 Prth 50 50
I Means: Short rotations, intensive silviculture
Target: Trees of medium dimensions 35 Thin 40 35
I ’ f 50  Thin = 40 30
I 70  SeedC 50 50
I 80  FinalC = 100 100
| d
Means: Selective thinning, shert rotation
I Target: Few larger trees
| e 3. s
e | 20 | Prth | 50 | 50 |
g Promotion of long-lived wood pools (WOOD) B o] ] [
= 50 | Thin | 40 30
- I Objective: Promote long-lived wood commodities production | | - -
5 Means: Long rotations, intensive silviculture 70 Thin 40 30
E I Target: Few larger trees I Lt
H 2 - _— | & | Thin | 40 | 30
] I ‘ : f | 100 50 50
| s § 50 50
2 I = -
I 130 100 100
I Age |Interv.| %N | %BA
| 20 | pen | 50 | s0
| st e 40 | Thin | a0 | 35
Objective: Promote carbon storage by forest =
I Means: No interventions, SO THNRR A, i
I Target: Few big trees, large wildlife trees 80 Thin 50 50
i | 100 |Finalc | 100 | 100

310

311  Figure 2: Overview of the five forest management strategies evaluated in this study, arranged
312 along a gradient of management intensity from high (top) to low (bottom). Strategies include:
313 BIOE, TM, WOOD, ADAPT, and TRANS. Each strategy is defined by its objective,
314  silvicultural approach, and target stand characteristics, progressing from strategic objectives
315 to operational implementation. The right-hand panels show the corresponding management
316 plans for each strategy, including timing and type of intervention (i.e., Prth: pre-thinning,
317  Thin: thinning, Prep: preparatory cut, SeedC: Seeding cut, and FinalC: final cut), percentage
318  of trees removed (%N), percentage of basal area removed (%BA) scheduled at specific ages.

319
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320 3.3. Wood use scenarios

321  To explore the potential implications of improved cascading through an increase in product
322  lifespan and recycling rates, four different wood use scenarios were developed. The first, the
323 BAU as “Baseline Scenario”, maintained constant recycling rate and lifespan values. In the
324  LS20 as “Longevity Scenario”, the lifespan of products was increased by 20%. The RR20 as
325 “Reuse Scenario” focused on increasing the recycling rate of products by 20%. Finally, the
326 RRLS20 “Sustainability Scenario” increased both the lifespan of products and the recycling
327  rate by 20% (please refer to Table S1.5).

328

329  3.4. Substitution scenarios

330 In addition to a baseline scenario (SUBO), which assumes that the DF remains constant over
331  time, we considered four decarbonization pathways with varying linear rates of DF reduction.
332  We adopt either a gradual (25% DF reduction by 2050, called SUB25), moderate (50%,
333  SUBH50), significant (75%, SUB75) or a rapid (100%, SUB100), the latter being in line with
334  the EU’s climate neutrality targets.

335

336 4. Modeding framework

337 4.1. Modeling system and key concepts

338 The system considered in this study includes both forest and HWPs pools, collectively
339  representing the forest sector. It accounts for incoming and outgoing carbon fluxes while
340 disregarding internal exchanges, as these remain within the system and do not affect its net
341 balance. The forest sector system consists of five key components: (1) Aboveground
342  biomass, comprising stem wood, branches, stumps, and foliage of live trees, where the focus
343 is on CO; fixation through photosynthesis and biomass accumulation; (2) Belowground

344  biomass, including fine and coarse roots of live trees, also assessed for CO, fixation; (3)
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345  Aboveground Dead Organic Matter (ADOM), consisting of standing dead trees, downed

346  woody debris, litter, and humus, where carbon is gradually released through decomposition;
347  (4) Belowground Dead Organic Matter (BDOM), encompassing soil organic matter and dead
348  roots, with carbon emissions primarily occurring through microbial respiration; and (5)
349  HWPs, representing carbon stored in HWPs during their use phase, with CO, emissions
350 occurring over time through disposal in landfills or combustion for bioenergy (see Figure 3).
351 Beyond these carbon pools, the substitution effect plays a critical role in the forest sector’s
352  overall climate mitigation.

353  The annual forest ecosystem carbon balance (FEB; tC ha™ yr) is defined as:

354
000 = (000 — OO0 — 004944900 ) — COO0000
=000 - Cpyg — 0000000
355 = —ULU — ULUJuUUL (Eq.1)
356

357  where GPP represents the gross primary production; Ra, 111550, and [ correspond
358 to autotrophic, heterotrophic, and ecosystem respirations occurring within the forest,
359  respectively, Harvest accounts for biomass removal through forestry operations, and NEE
360 represents the net ecosystem exchange within the forest. All terms are expressed in units of
361 tChatyr.

362  Harvested biomass enters the wood sector, where it is temporarily stored in HWPs before
363  eventually being released as emissions through disposal, or combustion for bioenergy.
364  Therefore, the wood sector carbon balance (WSB; tC ha™ yr) is expressed as:

365

366 UUL = 0JUUCO0O0 + 00oU0CO00ODC00d — O04gqppon = COOODOOO +

367 COO0CCCD (Eq.2)
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where Substitution represents avoided emissions resulting from the replacement of fossil
fuels and energy-intensive materials with HWPs, 1 -1-5-55 (tC ha® yrt) refers to the
heterotrophic respiration occurring outside the forest, mainly from HWPs decomposition and
combustion, and [0 TJ010C refers to the balance between D100 C (0O C 000 and

0550500, both of which are expressed in units of tC ha™* yr.

The annual overall forest sector balance (FSB; tC ha™ yr') integrates both forest and wood

sector dynamics, incorporating the mitigation benefits of substitution:

godg =0t + et = =0ty = oo+ orunooL + gogoecgn

= 71700070 — 170 (Eqg. 3)

The terms U -1+, and L L4q+-7-n follow the terminology established by (Schulze et

al., 2021).
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Forest Sector

FEB = GPP - Ra - Rh ... - Harvest WSEB = Harvest + Substitution - Rhgg.

GPP Substitution

Forest Ecosystem Wood Sector

Harvest

Ra  Rhgnie Rhgstsine

FSB = GPP - (Ra + Rhunse + Rgmae:) + Substitution = NEPH + Substitution

383

384  Figure 3: Conceptual representation of carbon flows and balances with the forest sector,
385 divided into the forest ecosystem (green box) and wood sector (brown box). GPP constitutes
386 the carbon inflow to the forest ecosystem while both Ra and Rhgnsite CONstitute the carbon
387 outflow from the forest ecosystem. Harvested biomass is transferred from the forest
388  ecosystem to the wood sector where it contributes to substitution benefits and eventually to
389  RNhofisite.

390

391 4.2. Moddling framework and simulation setup

392 A forest sector modeling framework was developed by coupling 3D-CMCC-FEM (v5.7
393 BGC) (Collalti et al., 2014; Dalmonech et al., 2024), a stand-level, climate-sensitive, process-
394  based model, with TimberTracer (Boukhris et al., 2025) a WPM that tracks carbon stocks in
395 HWPs, substitution effects, and emissions from disposal sites (see Figure 4). Given the

396 complexity and level of detail associated with each model, including their structure,
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397  parametrization, input data, and validation procedures, full technical descriptions have been

398 moved to the Supplementary Materials (Tables S1.1-S1.7) to maintain clarity and focus on

399  the main text.

I r—— : ¥ -
3D-CMCC-FEM At stiviitiira TimberTracer
Process-based model Wood product model

.

Carbon stocks Material and
and fluxes of Carl:t:‘lw: ols Energy
the forest o = substitution

Industrial processes

401  Figure 4: Carbon modeling framework coupling a forest process-based model (3D-CMCC-

400

402 FEM) and TimberTracer, a WPM. DBH is the mean diameter at breast height, N is the stand
403  density (ha™), BA is the basal area (m? ha'), H is the mean tree height (m), SA is sapwood
404  area of the mean tree (cm?), HA is the heartwood area of the mean tree (cm?), and BT is the
405  bark thickness of the mean tree (cm).

406

407  4.3. Modeling the climate impact of the forest sector

408  To assess the climate impact of the forest sector, we model atmospheric CO; emissions decay
409 using an Impulse Response Function (IRF), which quantifies the temporal reaction of a
410 dynamic system in response to some external change (Joos et al., 2013). The multi-model
411  mean from the carbon cycle model intercomparison in Joos et al. (2013) is used to simulate
412  this decay process, incorporating a multi-exponential decay function to simulate the response

413  of different carbon pools, accurately reflecting the transient and long-term behavior of carbon
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414  in the atmosphere, land, and ocean reservoirs (Cherubini et al., 2011; Joos et al., 2013;

415  Strassmann & Joos, 2018). Its associated IRF is mathematically expressed as:

416

417 IRF(t) = Ay + X3A; e t/m (Eq. 4)

418

419  where [, =0.2173, [1,=0.2240, [1,=0.2824, [13=0.2763, t; = 394.4, 7, = 36.54, 73 = 4.304
420

421  The amplitude ", represents the asymptotic airborne fraction of CO,, which remains in the
422  atmosphere in the long term due to the equilibrium response of the ocean-atmosphere
423  system. Each [ is associated with a characteristic residence time z-, which describes how
424 long the corresponding fraction of carbon remains in the atmosphere before being taken up
425 by the combined action of terrestrial and oceanic processes. Together, the coefficients
426 (My+ My + My 4+ 3) sum to 1, and thus each I can be interpreted as the fractional
427  contribution of a given decay component to the overall atmospheric response. It is important
428  to note that these components do not correspond to individual, physically distinct carbon
429  sinks, but rather to a mathematical approximation of the combined response of the global
430 carbon cycle.

431

432 The atmospheric concentration of CO; over time can be described as the convolution of the
433  IRF with the net carbon flux. It is expressed as the integral of past net emissions at time t’,
434  weighted by the fraction of CO, remaining in the atmosphere after a time interval t -t’, where
435  tis the reference time point.

436

437  To compare the climate impact of biogenic CO, emissions across different forest-sector

438  scenarios, a consistent metric is required. In this paper, we developed an approach based on
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439 the integrated radiative forcing concept adapted for biological systems, referred to here as

440  RFyi. While originally formulated for pulse emissions in Life Cycle Assessment contexts
441  (e.g., GWPyio; see Cherubini et al., 2011), here we extend the concept to account for net
442  carbon fluxes over time, making it applicable to dynamic forest-sector modeling. RFy;, is
443  derived from the time-integrated radiative forcing caused by emissions, quantifying the
444 perturbation of the Earth’s energy balance. It is calculated as follows:

445

446  RFbio(t) = [, —FSB(t') IRF(t—t")dt'  (Eq.5)

447 A positive RFy, indicates a net warming effect. In contrast, an RFyi, equals to or less than
448  zero implies that the system has no net contribution to atmospheric warming. This condition
449  can therefore be interpreted as the forest-sector system being climate neutral (RFpic = 0),
450 adds to climate warming (RFyi, > 0), or climate cooling (RFyi, < 0) over the assessed time
451  horizon. Figure 5 provides an illustration of these concepts.

452  The modeling approach described in Sections 4.2 and 4.3 is operationalized through an

453 integrated methodological workflow, illustrated in Figure A.1.
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a) b)

Ocean

Atmosphere

-

Biosphere

Mot atmaspheric CO. changa (%)

454

455  Figure 5. CO, dynamics across Earth system compartments and the carbon removal
456  dynamics. (a) Schematic representation of CO, exchanges between the atmosphere, ocean
457  and biosphere. Red arrows indicate CO, emissions to the atmosphere; blue arrows indicate
458  CO;uptake from the atmosphere. (b) Net atmospheric CO, change (%) over time following a
459  pulse emission, with equivalent carbon removal occurring at year 60. For analogy, assume
460 that by the starting year, harvested wood is burned for bioenergy and the resulting emissions
461  are fully captured by year 60. Response is simulated using the IRF Bern 2.5 CC model. The
462 shaded area represents the RFy;o, highlighting temporary overshoot and long-term legacy
463  effect. Positive values, denote a forcing effect while negative values denote a cooling effect.
464

465

466

467
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468 5. Assessment of carbon and climate mitigation potentials

469  Carbon balance (CB) was estimated by tracking net changes in forest carbon pools and
470  HWPs, while also accounting for the generated substitution effects. CB was determined by

471 summing the FSB (see Eq. 3) over a time horizon T:

472 O = =X, 000(0) (Eq. 6)

473

474 where M7 (1) represents the annual forest sector balance at time t. The total time horizon
475 T was considered over 85, 185, or 285 years. The minus sign in Equation(16 reflects the
476  convention that a negative CB indicates a net carbon sink (i.e., net removal of CO, from the
477  atmosphere), while a positive value indicates a net source (i.e., net emissions).

478

479  Climate mitigation potential, expressed as radiative forcing due to forest management, was
480  assessed using the RFpi, metric (see Eqg. 5), which accounts for the temporary nature of
481  biogenic CO, emissions and their atmospheric decay over time.

482  Furthermore, the concept of ME is introduced to measure the effectiveness of mitigation
483  efforts, is defined as the ratio between the negative RFy, and the corresponding carbon
484  balance. The negative sign ensures that a climate-cooling effect (negative RFbio) yields a
485  positive ME, aligning higher ME values with greater mitigation benefit. This makes ME a
486  consistent and intuitive indicator of strategy performance across time horizons.

487  ME(M)={

488 ZREBIM)  if RFbio(T) > 0 and CB(T) > 0
CB(T)
489 M, otherwise } (Eq. 7)

CB(T)
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490 ME is calculated across different time horizons (85, 185, and 285 years), providing a metric

491 that relates the remaining or effectively removed biogenic emissions from the atmosphere to
492  the total carbon balance. The higher the ME value, the greater the climate benefit delivered
493  per unit of carbon captured, making it a useful comparative indicator of mitigation strategy
494  performance.

495

496 5.1 Statistical Analysis of Mitigation Potential

497  The effects of forest management, climate scenarios, wood use, and substitution factors were
498  statistically evaluated across a range of carbon-related response variables in the forest sector.
499  Carbon ecosystem fluxes (i.e., GPP, Reco, and NEE) were analyzed with respect to forest
500 management and climate, while wood emissions, substitution effects, wood balance, and FSB

501  were evaluated in relation to all four factors.

502  We used linear mixed-effects models (LMES) to regress GPP, RECO, NEE, and FSB against
503 five key drivers: Management, Wood Use (WU), Substitution (SUB), Climate, and Century.
504  These models were used to assess the influence of each factor and their interactions on
505  ecosystem fluxes and forest sector balances. For wood emissions, substitution effects, and
506 wood balance, we applied generalized additive mixed models (GAMMs) to account for
507 potential nonlinear relationships. Model selection was guided by residual diagnostics,
508 including assessments of linearity, normality, and homoscedasticity. The factors and their
509 acronyms, used consistently throughout the manuscript, are summarized in Table 1. Full

510 model specifications, transformations, and diagnostic results are provided in S2.

511  Table 1: Overview of the factorial design used in the simulation experiment, showing the five

512  key factors and their respective levels along with their corresponding modality acronyms.
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Factor Levels | Modality acronyms
Management 5 TM, WOOD, BIOE, ADAPT, TRANS
Wood use 4 BAU, RR20, LS20, RRLS20
Substitution 5 SUBO, SUB25, SUB50, SUB75, SUB100
Climate change scenario | 3 CUR, SSP1-2.6, SSP5-8.5
Century 3 C1 (2015-2099), C2 (2100-2199), C3 (2200-2300),

ALL (2015-2300)

513

514 5.2. Consistency between carbon and climate mitigation rankings and the concept of
515 mitigation efficiency

516  To evaluate the relationship between CB and RFy;, outcomes, a linear regression analysis was
517  conducted, modeling RFyi, as a function of CB across all studied scenarios. Model fit was
518  assessed using the coefficient of determination (R?) and statistical significance (p-value).

519 ME was calculated for each combination of climate scenario, management scheme,
520  substitution pathway, and time horizon (H1: 2015-2100; H2: 2015-2200; H3: 2015-2300).
521  To assess the sensitivity of ME to scenario context and temporal scope, we conducted a
522  descriptive statistical comparison across each factor. Patterns in ME and CB were

523  summarized using means, with scenario-specific anomalies (e.g., negative ME values) noted.

524  Additionally, an in-depth analysis of two forest mitigation options that exhibited the two
525 most two divergent ME was conducted. This comparison focused on long-term FSB

526  dynamics, RFy, patterns, time in a net emissions regime, and disturbance-recovery cycles, to
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527  elucidate the underlying trade-offs between cumulative carbon benefits and the timing and

528 distribution of emissions.
529 Results
530 Forest sector balance (FSB)

531  FSB, defined as the sum of NEE and Whbalance, varied significantly with climate scenarios,
532  management strategies, and across centuries. Climate effects on FSB were not consistent
533  across forest management types, and both drivers showed strong century-dependent patterns
534  (see Table S2.4). Although the DF had a low overall effect size (n? = 0.03, p<0.001), its
535 influence on FSB was substantial in specific scenarios, particularly those representing rapid
536  decarbonization pathways. Over the full simulation period, SSP5-8.5 yielded the lowest FSB
537  (0.07J%[0.01 tC ha™ year™), while SSP1-2.6 and CUR resulted in significantly higher
538 values (0.75/+1/0.01 and 0.64_£[_0.01, respectively). The ranking of scenarios changed
539  over time: SSP5-8.5 initially outperformed others but declined in the 22nd and 23rd
540  centuries, ultimately ranking lowest (see Figure 6). By contrast, SSP1-2.6 and CUR

541  remained more stable across centuries with lower inter-temporal variability.

542  Management strategies showed clear performance gradients mainly driven by NEE: TM and
543  BIOE produced the highest overall FSB (0.7601£010.02 and 0.59( £(10.04), supported by
544  relatively strong sinks (NEE: —-1.25 £ 0.05 and -1.10 = 0.08). WOOD and ADAPT followed
545  with moderate FSB (0.3901+710.02 and 0.26(1£110.02) with moderate sinks (NEE: -0.78 +
546  0.05 and —0.54 + 0.05), while TRANS consistently showed the lowest values (0.050/+110.03),
547  declining to negative values under SSP5-8.5 (—0.47+10.03) due to forest ecosystem turning
548 into carbon source (NEE: +0.83 + 0.01) (see Figure 6). Decreases were most severe in

549  TRANS and ADAPT, where net carbon source behavior emerged in the third century.
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550 DF, which modulates substitution levels over time, had a major influence on Whalance and

551  thus on FSB. Under SUBO, the substitution effect was maintained throughout all centuries,
552  while SUB25-SUB100 declined progressively, reaching zero by 2155 (SUB25), 2085
553 (SUB50), 2062 (SUB75), and 2050 (SUB100), respectively. These dynamics divide
554  pathways into three distinct temporal patterns: persistent (SUBO0), medium-lived (SUB25),

555  and short-lived (SUB50-SUB100), which also significantly influence the Whbalance value.

556  Component analysis showed that NEE accounted for ~53-65% of FSB, particularly high
557  under TM. Substitution effect was lower in terms of contribution to the FSB but variable,
558  peaking under the SUBO displacement pathway (18%), decreasing under SUB25 (7%), and
559 falling below 3% for SUB50-SUB100, which caused a (0.28 + 0.07 tC ha™ year™;

560  53[1x1125%) reduction in FSB compared to SUBO (see Table S2.5).
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563  Figure 6: Mean FSB, in tC ha™ year™ for five forest management strategies (TM, ADAPT,
g

564 BIOE, TRANS, and WOOD), averaged across two climate scenarios (SSP1-2.6 and SSP5-
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565  8.5), shown for the 21st, 22nd, and 23rd centuries, as well as for the full period combined.

566  Red error bars indicate the 95% confidence interval of FSB across climate scenarios. The
567  upper panel shows FSB values by substitution scenarios, while the lower panel shows FSB

568  values by climate scenario.
569 Radiativeforcing & mitigation efficiency (RFuio and ME)

570  Forest management scenarios with a more negative CB also tended to yield the greatest
571  climate benefits. A linear regression, performed using outcomes from all studied scenarios,
572  confirmed that CB is a strong predictor of RFyj, (R2 = 0.95; p < 2.2e-16; see Table S2.9).
573  Thus, the results and analyses previously conducted on CB are also applicable to RFyio.
574  However, this relationship is not always strictly linear. In some exceptional cases where CB
575 values are close, a mitigation option with a slightly less negative CB produced a more
576  favorable RFyjo. This was observed, for instance, under the SUB25 decarbonization pathway
577  at horizon H2: the TRANS scenario had a slightly higher CB (=128 + 0.91 tC ha) than
578  WOOD (-122 + 2.75 tC ha™), yet WOOD achieved a more favorable RFyi, (<66 + 1.33 vs. —
579 60 + 0.13 tC ha™) and a higher ME (0.54 + 0.00 vs. 0.47 + 0.002). At horizon H3, this
580 contrast became even more pronounced: although TRANS reached a more negative CB (—
581 162+ 0.92 tC/ha) compared to WOOD (—155 + 2.05 tC ha™), it resulted in a substantially less
582  favorable RFp, (—66 + 0.70 vs. 73 + 0.20 tC ha) and a lower ME (0.41 + 0.002 vs. 0.57 +
583 0.002). ME showed strong sensitivity to both climate conditions and forest management

584  practices.

585 Under CUR and SSP1-2.6, ME remained relatively stable across management schemes,
586 typically ranging from 0.4 to 0.7 (Figure 7 and Table S2.10). In contrast, under the SSP5-8.5
587 climate scenario, the ME of different management scenarios was more variable and often

588  with lower efficiencies, with the efficiency of several scenarios falling below zero,
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589  particularly ADAPT and TRANS under H2 and H3 (Figure 7 and Table S2.10), indicating

590 that these scenarios were contributing to climate warming rather than cooling it. The time
591  horizon (H1, H2, and H3) also influenced ME: across all climate scenarios, the short-term
592  horizon (H1) consistently resulted in higher efficiency values (>0.6) compared to the longer-

593  term time horizon (H2 and H3).

594 Interestingly, a more negative CB did not always equate to high efficiency. In CUR and
595 SSP1-2.6, forest projects with stronger (more negative) CB often showed lower or slightly
596 lower efficiency, whereas the opposite was true under SSP5-8.5, where stronger CB tended to
597  support higher ME. For example, ADAPT (0.53, SSP1-2.6, H2) and WOOQOD (0.54, SSP1-2.6,
598 H2) sometimes outperformed TM (0.49, SSP1-2.6, H2) or BIOE (0.45, SSP1-2.6, H2) in

599 efficiency despite having less negative CB values.

600 These dynamics were further supported and extended by generalized additive models
601 (GAMs; Figures S2.1-S2.2), which demonstrated that, in addition to CB, both the magnitude
602 and duration of emissions play dominant roles in determining ME. Under the SSP5-8.5
603  scenario, emissions magnitude and CB were strongly positively correlated (r = 0.85),
604 indicating that scenarios with more negative CB generally exhibited low emissions. In
605 contrast, a weak negative correlation (r = —0.28) was observed under CUR and SSP1-2.6,
606  suggesting no clear relationship between CB and emissions magnitude. In the ADAPT and
607 TRANS scenarios, under the SSP5-8.5 climate scenario, positive CB values resulted in

608  sustained net emissions and positive contributions to radiative forcing.
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Quatile-Transharrmed M

610 Figure 7: CB and ME under various forest management and climate scenarios. Circle size
611  scales with CB via ; ME is quantile-transformed, both for improved visibility
612 and comparability across scenarios. Red borders indicate negative ME; hexagons show
613  positive CB (carbon source sector). Subplots represent climate scenarios, with circles colored

614 by management schemes.
615 In depth-insights from BIOE and WOQOD strategies

616  Across the simulation period (2015-2300), the BIOE management scenario consistently
617  achieved a more negative CB than WOOD. By 2300, BIOE reached —3377tC"ha™, while
618 WOOD reached —206/1tClha™. ME, however, remained higher in WOOD throughout. Both
619  scenarios began with comparable ME in 2100 (0.62 for BIOE, 0.63 for WOOD). By 2200,
620 WOOD retained a ME of 0.54, while BIOE declined to 0.46. In 2300, ME values were 0.47

621 for WOOD and 0.44 for BIOE (see Figure 8).

622 BIOE followed an 80-year shelterwood rotation, resulting in three major final harvests
623  occurring in 2095, 2175, and 2265. WOOD used a 130-year rotation, with final cuts in 2145
624 and 2260. The first BIOE final harvest in 2095 led to emissions of approximately

625 17.3MtCrha™, with RFyio returning to pre-disturbance levels by 2135, indicating a 40-year
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626  payback period. For WOOD, the first final cut in 2145 resulted in emissions of 5.6(1tC[1ha™,

627  with RFy, returning to net cooling within 15 years. Following these major harvests, NEE in
628 WOOD returned to negative values (net sink) within 4 years, whereas BIOE remained a net

629  carbon source (NEE > 0) for approximately 10 years.

630 In the three years immediately following each final cut, RFyj, increased sharply in BIOE,
631  while the increase in WOOD was more moderate. This early post-harvest rise in RFpj
632  coincided with higher volumes of short-lived HWPs (i.e., firewood and paper) in BIOE;
633  37.25/ m3lha™, 38.51méha”, and 37.8811m3Tha’ after its respective final harvests,

634  compared to 23.7011m3 Tha™* and 14.821m3 ha™* in WOOD.

635  Emission timing and magnitude differed between the two scenarios. In BIOE, emissions were
636 concentrated in a limited number of high-intensity events, associated with initial
637  establishment and final harvests. These events corresponded to periods where GPP was low
638 and Rgco remained high although Rhgnsite decreased proportionally to GPP. Additional
639 immediate emissions from firewood combustion or from products at their end-life
640 incineration (i.e., paper) were also observed during these intervals. In WOOD, emissions
641  were more evenly distributed and of lower magnitude, arising from thinning, regeneration
642 phases, and smaller final cuts. RFy, patterns in WOOD were more stable, with shorter

643  durations of net positive forcing following harvest events.

644
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646  Figure 8: Temporal dynamics of RF;,, CB, and ME under BIOE (panel a) and WOOD (panel
647  b) management scenarios from 2015 to 2300. Shaded red bands indicate periods when the
648  forest sector is a net source (FSB<0). Green horizontal bands denote the number of years

649  required for RFyj, to return to its pre-harvest level.
650 Discussions

651  Our results suggest that effective forest-sector climate mitigation requires more than
652  maximizing carbon balances. It demands a systems perspective integrating forest dynamics,
653 wood use, and evolving socio-technical conditions. Over a multi-century assessment, we
654  found that while the FSB is strongly influenced by climate and management, ME depends
655 more on emission timing and scale. Substitution effects, particularly the contrast between
656 SUBO and SUB25-SUB100 proved substantial, while HWP lifespan and recycling rate had
657  negligible long-term impact. Notably, scenarios with the lowest CB did not always deliver

658 the greatest climate efficiency. ME declined over time, emphasizing the need to consider
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659 temporal dynamics. All management options eventually showed declining carbon sink

660  capacity under SSP5-8.5, with TRANS, ADAPT, and WOOD becoming net sources.

661 Management strategies, wood use, and substitution pathways

662  Forest management has a strong influence on FSB. Intensive silvicultural practices, such as
663 TM and BIOE, consistently maintained high FSB across climate projections. Giasson et al.,
664  (2023) showed that harvest scenarios with high intervention and regular regrowth cycles
665  sustain stronger carbon sink than low-harvest or unmanaged systems. Furthermore, our
666  results showed that shifting from active to passive management under the TRANS scenario
667  significantly reduced FSB in the long term, especially under contrasted climate conditions
668  where forest carbon dynamics approached equilibrium. These findings align with Pukkala,
669  (2017), who reported that unmanaged forests exhibit a long-term decline, nearing zero around
670 200 years post-establishment. Beyond carbon storage, management also influences wood
671  volume and characteristics, affecting substitution potential.

672

673  Recent studies increasingly challenge static DF, advocating for dynamic approaches that
674  reflect evolving technological, industrial, and policy contexts (Boukhris, Collalti, et al., 2025;
675  Brunet-Navarro et al., 2021; Hurmekoski et al., 2023). Our dynamic modeling confirms these
676  concerns. In scenarios where DF reaches zero by 2050, substitution benefits disappear
677 entirely, resulting in a 53% lower FSB by 2300 compared to the SUBO trajectory. This
678  mirrors projections by Brunet-Navarro et al. (2021), who estimated substitution benefits
679  could by = 30% by 2030 and as much as by 96% by 2100, in line with the decarbonization
680  goals of the Paris Agreement.

681  Conversely, wood-use parameters like product lifespan and recycling rate had no discernable

682 long-term impact on FSB. Over 285 years, stored carbon in HWPs is eventually emitted
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683  through decay, regardless of whether turnover occurs at 40 or 60 years. Although extended

684 lifespans and higher recycling rates may reduce emissions in the short- to medium-term, as
685  shown by (Brunet-Navarro et al., 2016), who projected up to 5 Mt CO, yr™* savings in the EU-
686 28 with lifespan increases of 19.54% or a 20.92% recycling boost by 2030, these effects
687  diminish across multi-century timescales. Such results highlight the need to align
688 interventions with the analytical timeframe. Short-term gains may appear significant but are

689  absorbed over longer horizons when delayed emissions fall within the evaluation period.
690 Carbon sink instability under high-emission scenarios

691  The shift to net-carbon neutrality or a carbon source state by the last considered century under
692 SSP5-8.5 marks a critical loss of ecosystem resilience, driven by prolonged structural
693  degradation and physiological stress from high temperatures. Although precipitation increases
694  during this period, and VPD stays moderate (~0.825 + 0.1 kPa), GPP declines sharply across
695 all strategies. This drop is more likely due to heat-induced impacts on photosynthetic
696  processes, such as enzyme deactivation, increased photorespiration, and reduced
697  carboxylation efficiency (Oliver et al., 2022; Qu Y et al., 2023). As biomass and metabolic
698 activity decline, both Ra and Rh fall due to limited substrate and structural loss, but GPP
699  declines faster, leading to sustained positive NEE in the final simulation century. This aligns
700 with Earth System Model outputs under SSP5-8.5 which show that warming suppresses
701  photosynthesis as temperatures exceed physiological thresholds, particularly in temperate and
702  boreal forests. The summer GPP-temperature correlation weakens over the 21st century,
703  turning significantly negative by 2070 (Chen & Peng, 2025; Zhang et al., 2022) also found
704  that 33% to 63% of global vegetated areas show declining productivity sensitivity to

705  temperature, with the most severe declines under SSP518.5.

706
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707  Climate-Carbon dynamicsand mitigation efficiency

708  The strong correlation observed between CB and RFy;, reflects the key role of long-lived CO,
709  removals in determining climate impacts of forest-based mitigation. This aligns with carbon
710  cycle theory and is consistent with IRFs such as the Bern model (Joos et al., 2013), where
711 most climate benefit arises from sustained atmospheric CO, reduction (Archer et al., 2009;
712  Masson-Delmotte et al., 2021). However, the CB-RFyj, relationship is not strictly
713  proportional. Our results show that under the SUB25 decarbonization pathway at both H2
714  and H3, the WOOD scenario achieved a lower (better) RFyi, than TRANS, despite similar or
715 less negative CB. This suggests CB alone is insufficient basis for assessing climate

716  performance, and other factors also influence radiative forcing.

717 A key reason for this explanation for the discrepancy is the timing of carbon fluxes. CB
718 summarizes total emissions and removals but masks their temporal distribution. Many
719  scenarios involve non-monotonic dynamics, with initial emissions from establishment,
720  thinning, or harvest followed by delayed regrowth. Early emissions exert greater radiative
721  forcing due to the CO,’s long atmospheric lifetime cumulative warming (Allen et al., 2010;
722  Matthews & Caldeira, 2008). Although IRF is linear for pulses, time-distributed fluxes
723  interact non-linearly with the climate system. RFyj,, Which captures these dynamics, more
724  accurately reflects climate impact than CB alone (Sierra et al., 2021; Tanaka & O’Neill,

725  2018).

726 Nevertheless, neither CB nor RFbio capture the carbon “cost” of achieving mitigation. We
727  therefore introduced ME, RFbio divided by CB. ME indicates how effectively carbon
728  removal translates into avoided radiative forcing. For instance, BIOE had a more negative CB
729  (—339 tC ha-1) than ADAPT (=162 tC ha-1), but a lower ME (0.44 vs. 0.49), meaning less

730  efficient climate benefit. BIOE also required 17 silvicultural interventions and 3 final cuts
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731 over 300 years, compared to 14 interventions and 2 final cuts in ADAPT. Thus, more

732  intensive management does not always yield proportionally greater mitigation and may entail

733 higher ecological or operational costs.

734  ME declined consistently as the time horizon extended. Initially, forests sequester carbon in
735  Dbiomass and soils, but later interventions transfer carbon to HWPs, which eventually decay
736 and emit CO,. Over time, emissions from earlier cycles accumulate, reducing net benefit.
737  This dynamic, “sequester now, emit later” (Guest et al., 2013), underscores the value of ME
738 as a complementary metric that integrates both climate effectiveness and implementation

739  sustainability.

740  Uncertainty, M odel assumptions, and Long-Term Implications

741 Uncertainties within the modeling framework stem from initialization, process representation,
742  and parameterization ((Hamish) Kimmins et al., 2008; Reyer et al., 2020). The 3D-CMCC-
743 FEM forest growth model, while effective for stand-level analyses, simplifies spatial
744  heterogeneity and omits landscape-scale dynamics, potentially underrepresenting key
745  interactions such as seed dispersal and spatially explicit disturbance spread (Patacca et al.,
746 2023; Seidl et al., 2011). It also omits processes like tree establishment, disturbance-induced
747  mortality, and species composition are not represented, limiting its ability to capture
748 ecological feedback under climate change. Adaptive responses, including species
749 acclimation, migration, and phenological change, are excluded or overly simplified, despite
750  their growing relevance over multi-century timescales (Boukhris, Marano, et al., 2025;

751  Nicotraet al., 2010).

752  On the HWPs side, the TimberTracer model uses fixed bucking rules and constant product
753  allocations, without accounting for future technological shifts, circular economy

754  developments, or changing consumer demand (Harju, 2022; OlSiakova et al., 2016). This
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755  restricts its ability to reflect how innovation or policy changes could influence product

756 lifespans, recycling rates, or end-of-life treatment.

757  Additional uncertainty comes from external drivers. Climate projections diverge significantly
758  after 2100 (Hausfather & Peters, 2020), and future land-use and forest management pathways
759  depend on socio-economic and policy trends that are inherently hard to predict (Popp et al.,
760 2017). DF estimates used to quantify substitution benefits are also highly uncertain and
761  context-specific (Leskinen et al., 2018; Pingoud et al., 2010). Their magnitude will likely
762 evolve as energy systems decarbonize and industry shifts to lower-carbon alternatives

763  (Gustavsson et al., 2017).

764  Conclusions

765  This study critically examined the long-term climate mitigation potential of the forest sector
766 Dby integrating forest growth, wood-use, and substitution dynamics within a unified modeling
767  framework. Our aim was not only to assess carbon balances but to evaluate whether
768 commonly used indicators accurately reflect true climate benefit over multi-century

769  timescales.

770  Using a coupled modeling approach applied on a P. nigra forest in Italy, we simulated a
771  Dbroad range of futures across five forest management strategies, four wood-use patterns, and
772  five substitution decay scenarios under three contrasting climate pathways. While CB and
773 RFyio were generally aligned, they captured different aspects of climate impact. CB reflects
774  net carbon flows, but not their atmospheric effect; RFyi, represents the warming or cooling
775  influence overtime. To bridge this gap, we introduced ME, a metric that relates carbon flows

776  to actual contribution to actual mitigation effectiveness.
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777  Our findings show that scenarios with the highest CB (e.g., BIOE and TM) do not always

778  deliver the greatest climate benefit, especially when emissions are front-loaded or persistent.
779  Meanwhile, strategies like WOOD and ADAPT, which extended carbon residence times in
780 both forest and technosphere, achieved higher ME under SSP1-2.6. However, under the
781  SSP5-8.5 scenario, even these strategies became net radiative sources after 2200 due to

782  declining sink capacity.

783  Substitution benefits, often assumed constant, declined significantly under degressive
784  assumptions, reducing the overall forest sector mitigation by up to 53%, especially in high
785  harvest volumes. While substitution played a secondary role compared to climate and
786  management, its sensitivity to decarbonization pathways highlights the risk of overreliance

787  on this lever.

788  Taken together, these findings highlight that effective forest-sector mitigation requires more
789  than achieving high carbon balances. It also depends on minimizing the magnitude, timing,
790 and persistence of emissions, and on reevaluating the assumptions behind substitution effects.
791  Metrics like RFyui, and ME provide valuable tools to capture these temporal and systemic
792  dynamics, offering a more nuanced, climate-relevant basis for evaluating forest-sector

793  strategies.

794  Ultimately, meaningful forest-sector contributions to climate neutrality require assessment

795  not just of carbon flows, but of their actual atmospheric impact over time.

796

797
798

799
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805
806  Figure A.1: Integrated modeling framework used to evaluate the long-term climate mitigation
807  potential of a managed Pinus nigra forest (2015-2300). The framework combines forest
808 dynamics (3D-CMCC-FEM), wood lifecycle modeling (TimberTracer), and an impulse
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809  response function (Bern 2.5 CC IRF). Simulations cover multiple scenario combinations (for

810 management, climate, wood-use, and substitution). Outputs include temporal net ecosystem
811  exchange, substitution effect, and emissions from wood combustion and decay, which are

812  used to compute forest sector balance and radiative forcing from biogenic CO, emissions.
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